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Sammanfattning 
I och med övergången från den svenska konstruktionsnormen, BKR, till den nya europeiska 
normen, Eurocode, har både karaktäristiska värden och tillvägagångssättet för beräkning av 
träts hållfasthet förändrats. Trä som konstruktionsmaterial är även specifikt påverkat, då ett 
nytt klassificeringssytem har införts i samband med övergången till Euorocode. Träts 
hållfasthet har överlag blivit nedimensionerat och den typ av hållfasthetsvärde som sänkts 
kraftigast procentuellt sett är hållfastheten tyckt vinkelrätt fiberriktningen. Det uppenbara 
problemet med detta är att många träkonstruktionslösningar som tidigare klarat de svenska 
reglerna inte längre räknas hem.  
 
Då det gäller beräkning av tryckhållfastheten vinkelrätt fibrerna för limträ, får numer en 
faktor av 1.75 användas om längden av upplaget är minst 400 mm. Om upplagslängden är 
kortare sätts istället samma faktor till 1.0 . Riktigheten i detta kan enkelt ifrågasättas och en 
mer nyanserad metod för att tillgodoräkna bärförmågans höjning med upplagslängden vore 
önskvärd. Vidare finns i dagsläget inget direct sätt att inkludera förstärkningar av trä vid 
hållfasthetsberäkningar av trä tryckt vinkelrätt fiberriktningen. På grund av detta finns intresse 
av att undersöka om sådana tillägg i normen skulle vara försvarbara. För att ta reda på om, 
och i så fall vilka tillägg som skulle behöva göras, avser vi utföra och analysera resultaten av 
ett antal laborativa tester: 
 
• Limträbalkar av olika dimensioner trycktestas på ett antal upplag kortare än 400 mm. 
• Trycktester av limträbalkar vilka förhindras att deformera i sidled. 
• Trycktester av limträbalkar vilka är förstärkta med antingen inlimmade trästavar eller 
inlimmade stålstavar. 
Syftet med detta examensarbete och denna rapport är med andra ord att ta reda på om 
Eurocode tillräckligt bra reflekterar verkligheten eller om vi istället kan ta fram en metod 
vilken mer noggrant beskriver hållfastheten hos trä vid tryck vinkelrätt fiberriktingen och 
under olika förhållanden och utföranden.  
De upplagslängder som undersökts när det gäller oförstärkta limträbalkar är begränsade till 
60, 90 och 120 millimeter. Alla spikningsplåtar som använts tillsammans med skruvar för att 
förhindra sidledsdeformation hos balkar är 80 millimeter breda, 2.5 millimeter tjocka och 240 
millimeter höga. För 60 millimeter långa upplag användes ett lägre antal skruvar i plåtarna för 
att undvika plasering av skruvar för nära balkkanterna och därmed riskera klyvning av trät. 
Trästavarna som använts vid förstärkning av vissa balkändar är 400 millimeter höga med en 
diameter av 19 millimeter. Stålstavarnas diameter är istället 12 millimeter, dels för att större 
stavar skulle riskera att klyva trät vid tillverkning, och dels för att vår bedömning är att en 12 
millimeters stålstav i det här fallet håller för ungefär samma påfrestning som en 19 
millimeters trästav.   
Enligt testresultaten presenterade i denna rapport har upplagslängden betydelse för 
tryckhållfastheten vinkelrätt fibrerna hos trä. Kortare upplag medför generellt högre 
tryckhållfasthet. 
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• Vid 2 till 3 millimeters deformation uppvisar oförstärkta balkar på 
60 mm långa upplag en ökning med 142–133 % jämfört med klossar av samma trätyp. 
90 mm långa upplag en ökning med   93 – 85 % jämfört med klossar av samma trätyp. 
60 mm långa upplag en ökning med   87 – 76 % jämfört med klossar av samma trätyp.    
 
• Vid 2 till 3 millimeters deformation uppvisar stålstavförstärkta balkar på 
60 mm långa upplag en ökning med   63–158 % jämfört med oförstärkta balkar. 
90 mm långa upplag en ökning med 125–228 % jämfört med oförstärkta balkar. 
120 mm långa upplag en ökning med 64–173 % jämfört med oförstärkta balkar.    
 
• Vid 2 till 3 millimeters deformation uppvisar trästavförstärkta balkar på 
60 mm långa upplag en ökning med   74– 99 % jämfört med oförstärkta balkar. 
90 mm långa upplag en ökning med 153–203 % jämfört med oförstärkta balkar. 
120 mm långa upplag en ökning med  120–207 % jämfört med oförstärkta balkar. 
 
• Vid 2 till 3 millimeters deformation uppvisar plåt och skruvförstärkta balkar på 
60 mm långa upplag en ökning med 72–84 % jämfört med oförstärkta balkar. 
90 mm långa upplag en ökning med 95–97 % jämfört med oförstärkta balkar. 
120 mm långa upplag en ökning med  48–57 % jämfört med oförstärkta balkar. 
 
Baserat på dessa resultat presenteras i denna rapoort en ny modell för beräkning av 
tryckhållfastheten hos trä. Metoden syftar till att förenkla arbetet med dimensionering av 
förstärkta träbalkar och innebär en direkt förbättring när det gäller att tillgodoräkna 
lastspridningseffekter vid tryck vinkelrätt fiberriktningen. 
Metoden tar dock inte hänsyn till initiella skillnader i styvhet hos materialet, något som i 
denna rapport observerats i samband med variering av träkroppens bredd. I denna rapport 
uppvisar bredare provkroppar generellt lägre styvhet jämfört med mindre breda provkroppar, 
något som i sig kan ha sin förklaring i andra faktorer än just provkroppsbredd. En sådan faktor 
kan vara upplagsmaterialet, ty alla oförstärkta, mindre breda balkar vilade på träupplag, 
medan alla oförstärkta mer breda balkar vilade på upplag av stål. 
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Abstract 
With the transition to European standards in building codes, Eurocode, both characteristic 
strength values as well as the way of calculating design values have changed compared to the 
previous Swedish norm, BKR. Wood as a building material are also affected specifically by 
this transition due to the fact that characteristic strength values are classified with a new 
system. The type of resistance decreased most in percentage terms as are resistance to 
compression perpendicular to the grain. The problem in this is that design solutions that have 
once been entirely in line with the norm now face possibly unnecessary difficulties in 
verification. 
The strength of a glue laminated timber beam may make use of a factor 1.75 if the length of 
the support is less than or equal to 400 mm, while if less, the factor is instead set to 1.00. A 
more nuanced way of including this additional strength from a longer support is desirable. 
Furthermore, there is no direct way of taking material reinforcements into account when 
verifying the compression strength perpendicular to the grain. Therefore it is of interest to 
investigate if such additions to the code are justifiable. In order to find out if and what 
additions to the standard way of determining the strength of timber should be, this thesis we 
intend to implement a variety of tests of glue laminated timber beams and then analyze the 
results. The carried out tests are 
• Tests of glue laminated timber beams with different support lengths less than 400 mm. 
• Test in which the possibility of wood deformation is limited in the lateral direction 
perpendicular to the loading. 
• Test on timber beams reinforced with glued in threaded steel rods as well as wooden 
rods. 
 
The purpose of this dissertation and is, in other words, to find out if the Eurocode is 
sufficiently close to reality or if we instead can create a method that more accurately describe 
timber strength when pressed perpendicular to the grain under different circumstances. 
Support lengths being tested for non-reinforced beams are limited to 60, 90, and 120 
millimeters. Nailing plates used with screws for limiting lateral deformation of the beams (at 
all support lengths) are 80 millimeters wide, 2.5 millimeters thick and 240 millimeters high. 
With 60 mm supports, the total number of screws is reduced in order to not insert screws too 
close to the edge of the beams and thus risk splinting of the wood. The reinforcing wooden 
rods have a height of 400 millimeter and a diameter of 19 millimeters. The diameter of the 
threaded steel rods is 12 millimeters, as larger steel rods would lead to splinting of the wood, 
and because the estimation is that 12 millimeter screws yields a somewhat similar addition in 
strength as that of the 19 millimeter wooden rods. 
According to the tests carried out as presented in this rapport, support length are of 
importance when determining timber compression strength perpendicular to the grain. Shorter 
supports generally yield greater compression strength.  
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• At 2 to 3 millimeter deformation, non-reinforced beams on 
60 mm supports yields a 142–133 % increase compared to blocks of the same timber. 
90 mm supports yields a   93 – 85 % increase compared to blocks of the same timber. 
120 mm supports yields a 87 – 76 % increase compared to blocks of the same timber. 
 
• Threaded steel rod reinforced beams compared to non-reinforced beams, at 2 to 3 
millimeter deformation on 
60 mm supports yields a   63 – 158 % increase. 
90 mm supports yields a 125 – 228 % increase. 
120 mm supports yields a 64 – 173 % increase. 
 
• Wood rod reinforced beams compared to non-reinforced beams 
60 mm supports yields a    74 – 99  % increase. 
90 mm supports yields a   153–203 % increase. 
120 mm supports yields a 120–207 % increase. 
 
• Plate and screw reinforced beams compared to non-reinforced beams 
60 mm supports yields a   72–84 % increase. 
90 mm supports yields a   95–97 % increase. 
120 mm supports yields a 48–57 % increase. 
 
Based on the results presented, a new method of determining the compression strength of 
timber is put forward. The aim of the method is to take a more direct stance to load spreading 
effects and effects of possible reinforcements.  
The method does not, however, take into consideration early stiffness behavior differences –in 
the results shown in this report related to specimen width. Wider specimens investigated in 
this report show a tendency of lesser stiffness than less wide specimens, a result that may very 
well have its explanation in other factors than specimen width. One such possible factor could 
be underlying material, as all non-reinforced specimens showing this tendency used metal 
supports, while non-reinforced specimens not showing this stiffness behavior were tested on 
top of wooden supports. 
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Symbols 
 
Roman Capital letters 
    Area           mm2 
   Area 
    effective         mm2 
   Area in x-y-plane      mm2 
    Area in y-z-plane       mm2 
,
   Module of Elasticity  
    compression 
    perpendicular to the grain    kN/mm2 
   Force  
    equal to 40% of ,
,,   kN 
   Force  
    equal to 10% of ,
,,   kN 
,   Force capacity of one screw   kN 
,   Force capacity in compression 
    45 degree angle       kN 
,
   Force capacity in compression 
    perpendicular        kN 
.
,  Force capacity in compression 
    perpendicular 
    translocated [9]       kN 
.
,  Force capacity in compression 
    perpendicular  
    design value        kN 
,
, Force capacity in compression 
    perpendicular 
    maximum         kN 
,
,, Force capacity in compression 
     perpendicular 
     estimated maximum     kN 
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     Factor based on         - 
     Length          mm 
     Distance from edge to force   mm 
   Bending moment 
     maximum         kN mm 
    Bending moment 
     capacity (resistance in design)  kN mm 
 !,    Buckling load of one screw 
     characteristic        kN 
 "#,    Plastic buckling load 
     characteristic        kN 
P     Force          kN 
$
,    Resistance 
     perpendicular 
     design value        MPa 
$,    Axial Resistance 
     design value        MPa 
$,    Resistance of compression 
     design value        MPa 
$    Resistance 
     design value        MPa 
%    Shear 
     capacity (resistance in design)  kN 
&     Bending resistance      mm3 
 
Roman lower case letters 
'    distance from edge to load 
    in Figure 2.13         mm 
'!    Minimum distance to edge 
    number  i          mm 
(    Width           mm 
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(!)   Width 
    minimum         mm 
(!    Minimum distance to edge 
    number  i         mm 
*    Constant value         - 
+    Diameter 
    screw          mm 
,,   Strength of withdrawal capacity 
    design value        MPa 
,,
   Strength in compression 
    perpendicular to the grain    MPa 
,,
,- Strength in compression 
    perpendicular to the grain 
    specific beam situation value   MPa 
,,
,  Strength in compression 
    perpendicular to the grain 
    design value        MPa 
,,
,  Strength in compression,  
    perpendicular to the grain,  
    characteristic value      MPa 
,   Strength in bending  
    characteristic        MPa 
,.,   Strength in shear 
    characteristic        MPa 
,,   Strength of yielding 
    characteristic        MPa 
ℎ    Measured Height       MPa 
ℎ    Height          MPa 
0    Coefficient based on K       - 
02    Coefficient 
    material based [9]        - 
0    Coefficient of compression     - 
ix 
 
0,
   Coefficient of compression 
    perpendicular to the grain       - 
03!   Coefficient based on  
    the relative slenderness ratio      - 
04   Coefficient based on 
    moist and duration of loading     - 
5    length of distributed load 
    in Figure 2.13a        mm 
5    length between distributed loads 
    in Figure 2.13b        mm 
52    length of attacked area      mm 
5,   effective length 1        mm 
5,6   effective length 2        mm 
5    length of screws        mm 
7    number of screws         - 
7   effective number of screws      - 
8    widespread load        kN/mm 
9	   Deformation 
    corresponding to       mm 
9	   Deformation 
    corresponding to       mm 
 
Greek letters 
;<   Partial safety coefficient 
    based on material         - 
∆>   Difference in stress       MPa 
    Slenderness ratio         - 
?    Phi, mathematical constant      - 
>    Stress           MPa 
x 
 
>,   Stress of compression 
    45 degree angle        MPa 
>,
   Stress of compression 
    perpendicular to the grain     MPa 
>,
,  Stress of compression 
    perpendicular to the grain 
    design value         MPa 
>,
,  Stress of compression 
    perpendicular to the grain 
    characteristic value       MPa 
 
>.,   Stress of shear 
    characteristic value       MPa 
 
Mathematical symbols 
∈    set membership  
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1 Introduction 
1.1 Background 
With the transition to European standards in building codes, Eurocode, both characteristic 
strength values as well as the way of calculating design values have changed compared to the 
previous Swedish norm, BKR. National versions of Eurocode with minor differences to the 
central document are still used. Timber as a building material is also affected specifically by 
this transition due to the fact that characteristic strength values are classified with a new 
system (what previously has been termed K-Class (Swedish system) is now redesigned as C-
class) in which the strength values are overall decreased slightly. The type of resistance 
decreased most in percentage terms are resistance to compression perpendicular to the grain. 
For example, with current standards the construction timber class C35 holds a characteristic 
default value of 2.8 MPa (EN 338), whereas K35-rated timber holds a value of 7 MPa (BKR). 
The difference between the standards when looking at other types of timber relates in much 
the same way. The reason for the reduction is that when the assessment of compressive 
strength is carried out, the different standards choose to weigh different instances of the 
available test results differently. In a sense, Eurocode chooses the worst case, while BKR 
chooses best case. The problem in this is that design solutions that have once been entirely in 
line with the norm now face possibly unnecessary difficulties in verification. 
 
When verifying the compression strength with Eurocode, relatively rough limits are given on 
when a value-altering factor may be used or not. E.g. the strength of a glue laminated timber 
beam may make use of a factor 1.75 if the length of the support is less than or equal to 400 
millimeters. If less, the factor is instead set to 1.00. A more nuanced way of including this 
additional strength from a longer support is desirable. Furthermore, there is no direct way of 
taking material reinforcements into account when verifying the compression strength 
perpendicular to the grain using the current standard. In actual application of timber as a 
construction material there is both the possibility and many examples of various types of 
reinforcements, both at supports and in other type of connections. Therefore it is of interest to 
investigate if such additions to the code are justifiable.  
1.2 Purpose 
In order to find out if and what additions to the standard way of determining the strength of 
timber should be, (with reference to the previous subchapter) this thesis intend to implement a 
variety of tests with glue laminated timber beams and then analyze the results.  
The tests consist in: 
• Examining glue laminated timber beams under compression with different support 
lengths less than 400 millimeters. 
• Limiting the possibility of wood deformation in the lateral direction perpendicular to 
the loading direction while examining the compression strength of wooden beams. 
• Examining timber beams reinforced with glued-in threaded steel rods as well as glued 
in wooden rods. 
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In other words, the purpose of this rapport is to find out if the Eurocode is sufficiently close to 
reality or if we instead can create a calculation model that more accurately describe timber 
strength when pressed perpendicular to the grain under different circumstances. In that case, 
we suggest such a model and further offer suggestions for amendment in the Eurocode. 
1.3 Limitations 
Support lengths being tested for non-reinforced beams are limited to 60, 90, and 120 
millimeters. This is because previous works already has results for supports longer than 400 
millimeters, which makes it interesting to look at the possibility of altering the calculation 
model to include shorter support lengths. In addition, the beams that are available for testing 
are suitable for supports of such size; seeing as shear and bending moment failure with great 
frequency would occur before the area above the support would fail if longer supports were 
being used. 
 
Nailing plates used (at all support lengths) are 80 millimeters wide, 2.5 millimeters thick and 
240 millimeters high, due to availability. In order to obtain comparable results, support 
lengths used for these tests are the same as when testing the non-reinforced beams. With 60 
millimeter supports, the total number of screws is reduced in order to not insert screws too 
close to the edge of the beams and thus risk splinting of the wood. 
 
The reinforcing wooden rods have a height of 400 millimeters and a diameter of 19 
millimeters. For different support lengths, however, different percentages of surface area are 
covered by the rods. Originally the idea was to test 60, 120 and 180 millimeter supports while 
maintaining the dowel percentage area for all beams reinforced in this way (for 60 millimeter 
supports two dowels were to be used, while the 120 millimeter supports would use 4 dowels, 
and the 180 millimeter supports would use 6 dowels). The delivered / available beams, 
however, had a center to center distance of 30 millimeters between the rows of rods instead of 
the expected 60 millimeters, which means that the testing of 180 millimeter supports no 
longer was worthwhile to perform. Therefore also the wooden rod reinforced beams are tested 
with support lengths of 60, 90 and 120 millimeters. The consequence of this is that the rod 
surface area varies between tested support lengths (at 60 millimeter supports the rod surface 
area is 8.2 %, while at 90 millimeter supports it is 11 %, and at 120 millimeter supports the 
rods cover an area of 12.3 %). While this is unfortunate due to that the results become more 
ambiguous than necessary, it may tell us something about the importance of rod surface area 
when using this type of reinforcement. The same applies to the beams reinforced with glued in 
threaded steel rods. The only difference is that the diameter of the steel rods is 12 millimeters, 
as larger rods would lead to splinting of the wood, and because our estimation is that 12 
millimeter steel rods yields a somewhat similar addition in strength as that of the 19 
millimeter wooden rods.  
1.4 Disposition 
This rapport is divided into nine chapters, which in turn can be seen as three main parts. The 
first part consists of this chapter as well as chapter two – Previous works – in which a review 
of the knowledge base concerning this subject can be found. Also in this part some general 
ideas and hypothesis are described, as understood previous to performing the actual tests. The 
second part is where the description of method and presentation of results can be found, as 
well as the analysis of said work. This part consists of chapters three, four and five. In the 
thereafter following chapters the final result in form of a new method of calculating the 
ultimate strength of wood pressed perpendicular to the grains is presented, as well as 
suggestions for further studies within the subject. 
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2 Previous works and relevant results for this rapport 
2.1 Generally of wood and orthotropy 
Timber, as an anisotropic, orthotropic material, behaves differently when succumbed to loads 
at different inclination relative to the grains. The timber cells are structured as long tubes of 
cellulose glued together with lignin. Of course this is a simplification with some uncertainties 
as natural growth involves development of knots and branches, but due to the elongated shape 
of the wood cells and the cell wall structure, timber possesses different elasticity and strength 
parallel and perpendicular to the grains. An ideal wooden log is said to be cylindrically 
orthotropic, shown in figure 2.1(a). If a cube is taken out from such a cylinder, and the 
directions are defined as T (tangential to the growth rings), L (longitudinal with the log) and R 
(radial from the log center), then both T and R is perpendicular directions to the grain. In the 
most general case timber is as weakest when loaded through tension perpendicular to the grain 
(which leads to failure at around 0.5 MPa), followed by the case of pressure perpendicular to 
the grain. While loading in the perpendicular direction more easily leads to bending and shear 
failure due to the cell structure collapsing more easily, loading in the parallel direction is 
harder, if not impossible, to utilize for a beam or girder construction. 
 
Figure 2.1 Principal axes and principal planes in wood. For a small rectangular block taken out  
    from the outer part of the tree trunk the rectangular coordinate system L,R,T (b) can be 
    defined. [7] 
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2.2 Compression perpendicular to the grain 
Naturally then, the stiffness of timber varies with the direction of the load. Furthermore, the 
stiffness of timber when compressed perpendicular to the grain also varies depending on the 
direction of the growth rings relative to the direction of the load. As shown in Figure 2.2 , the 
modulus of elasticity in the radial direction holds a noticeably higher stress limit compared to 
the tangential direction. Even less strength is achieved if loaded between the two extremes. 
 
Figure 2.2 Wood in compression perpendicular to the grain. Modulus of elasticity and stress limit. 
    Here AB= ACDE is the limit of proportionality. Values from Siimes and Liiri (1952) and 
    Gaber(1940). [7] 
 
2.2.1 Microscopic view of wood cells 
When timber is pressed perpendicular to the grain, the wood cell walls will eventually start to 
crack outwards from the cell center which leads to collapsing of the cell. This behavior occurs 
most frequently in entire rows of cells, why in macro-scale the timber is slightly compressed 
vertically and is slightly expanded in horizontal direction. The next row of cells will then 
collapse which leads to even more compression and so on. This is not the sole reason for the 
macro-scale behavior of the timber, but explains what happens in a single cell perspective. [9] 
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Figure 2.3 Schematic drawing of how failure perpendicular to grain takes places. To the left the 
wood is shown unloaded. To the right a row of cells have collapsed and further collapse 
will follow with increased load. [9] 
2.3 Compression parallel to the grain 
Wooden test specimens that are prevented from buckling while compressed parallel to the 
grain show the principal behavior of that in figure 2.4. The end of the curve (to the right) 
represent were the fibers are compressed to the extent of failure. In this case (when the cross 
section is prevented from buckling) failure is due to buckling of the individual columns of 
fibers, as shown schematically in figure 2.5. 
 
Figure 2.4 Stress-strain curves for clear wood                 
    loaded parallel to the grain (solid line)               
    and perpendicular to the grain                   
    (dashed line) at a constant strain rate.                
    Typical values for softwood:                   
    AF,E= 80 to 100 N/mm2,                     
    AC,E= 40 to 50 N/mm2,                     
    GE		= 11 000 to 15 000 N/mm2. [7] 
Figure 2.5 Compression failure at ACE.  
Buckling of fibres. (Hoffmeyer, 1990).  
LW latewood, EW earlywood,  
AR annual rings, CC compression 
creases.  
Baumann and Lang (1927) and 
Backsell (1966). [7] 
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2.4 Uniformly distributed load perpendicular to the grain 
When determining the compression strength of timber perpendicular to the grain the length of 
the uniformly distributed load and the length of the unloaded part of the tested specimens are 
of importance. As seen in Figure 2.4 the strength decreases with an increasing ratio of  l/J. 
 
Figure 2.4 Compressive “yield” stresses for patch loading with length l on a member supported  
    along its whole length (bottom line) compared with strength values for different strength 
    classes according to EC5 (a> 100 mm). Values from Baumann and Lang (1927) and  
    Backsell(1966). [7] 
In 1938 Suenson performed tests on how different lengths of uniformly distributed loads 
affect the load capacity of timber when pressed perpendicular to its grain. He identified four 
load cases in which timber compression strength perpendicular to the grain varies with the 
length of the distributed load, as shown in figure 2.7. 
In Figure 2.5, case (J) represent a case when the whole test specimen is succumbed to 
loading. The fibers are then uniformly pressed together and at the knee of the curve the 
deformation is greatly increased with relatively low increase in loading. 
Case (() in Figure 2.5represent when parts of the test specimen remain unloaded. The fibers 
that are loaded can then instead transfer the force to adjacent fibers, with the result of 
increased stiffness in the material, along with a postponed change of drastic deformation. 
However, the ratio between the uniformly distributed load and the unloaded length in case (() 
is still too large for the test specimen to reach maximal compression capacity.   
In cases (*), (+) and (K) the ratios of loaded and unloaded lengths are in turn increased, which 
subsequently leads to higher and higher compression capacity. In other words a greater force 
can be applied to the specimen without it transcending into immediate drastic deformation as 
in case (J). However, the accompanied effect of higher capacity is still great deformations. 
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Figure 2.5  Applied stress perpendicular to the grain vs. vertical compressive strain from tests on 
     timber 15 x 15 CLM Suneson (1938). [7] 
This load-distribution effect, found in wooden beams when loaded perpendicular to the grain, 
can roughly be modeled as in Figure 2.8. The figure shows a single supported beam able to 
distribute some of the carrying action to the sides instead of transferring the entire load 
directly down to the support. 
 
Figure 2.6  Schematic sketches of how the load might be distributed through a beam support on its
   underside and loaded by a bearing plate. The second sketch attempts to indicate the
   load distribution when bearing plates are used at both top and bottom.[9] 
In an article from 2009 [11] a comparison of different methods for determining the 
compression strength of timber perpendicular to the grain is presented. The methods are 
developed by Van der Put, Madsen, and Riberholt and take into account the effect of as well 
as define the effective length, based on the load-distributing effect. An overview of the three 
models as well as how and to what effect their consideration to the load-distributing effect 
coincides with test results is presented below. 
Based on empirical evidence, Madsen formed an equation that Blass and Görlacher later 
modified to include an assumption of a 30 millimeter increase in loading length. 
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NO
-∗#QR =0,
 ∗ ,,
 
Blass and Görlacher also suggested an enlargement factor 0,
 of 1.25 for completely 
supported constructions, and 1.5 for timber and glue laminated timber constructions. For all 
other cases the factor is instead taken as 1.0. Simultaneously, Ribbenholt published a different 
way of determining the compression strength of timber perpendicular to the grain based on 
testing performed by Pedersen in 1999. 
,	 S	0 ∗ ,,
 
with  0 S T2.38 X #6YZ
#QR
#  ≤ 4  for  n ≤ 2.5b 
The effective length is here instead based on the assumption of load dispersion through the 
height of the beam with a ratio of 1:3. 
 
Figure 2.7  Dispersion of stresses by Riberholt [11] 
A theoretical model based on equilibrium and assuming a linear plastic behavior of the timber 
was developed by Van der Put in 2008. The result of these assumptions is a load distribution 
according to Figure 2.8; dispersion through the height of the beam with a ratio of 1:1 for 
lesser stresses and 1:1.5 for greater stresses. 
,
( ∗ 5 	S 0,
 ∗ ,,
, 
with  0,
 = Z#QR#  = Z#[\]#  
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Figure 2.8  Dispersion of stresses, Van der Put.[11] 
 
In Figure 2.9 a summary of the results from the models put forward by Madsen, Riberholt and 
Van der Put are compared in a normal probability plot. It shows that the only model that takes 
into account the higher deformation also give a higher compressive strength, namely the 
model by Van der Put.   
 
Figure 2.9  Model uncertainty plot at 10 % deformation.[11] 
 
2.4.1 Threaded steel rod reinforcement of timber 
When reinforcing timber against compression perpendicular to the grain, the aim is often not 
only to increase the stiffness, but to limit deformation. [6] 
Madsen performed a study investigating the effect of compression strength in wooden beams 
from glued in threaded steel rods, with and without distribution plates. [9] The test setup is 
shown in Figure 2.12. The following parameters were used while carrying out the tests: 
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Figure 2.10  Sketch of Madsen´s test setup using distribution plates and glued in threaded steel  
     rods.[9] 
The result from Madsen's tests concerning different lengths of the glued in threaded steel rods 
shows that the length does affect the compression capacity perpendicular to the grain. Figure 
2.11 shows the result from testing single rods with a diameter of 15 mm while varying the 
lengths from 50 mm to 372 mm. 
When reinforcing the beam with a single 100 mm rod Madsen got the result of a 67 % 
increase in bearing capacity at 2 mm deformation, from 72 kN to 120 kN. After 2 mm 
deformation is reached, the curve is almost completely horizontal, i.e. the specimen is not able 
to carry any more load but is only deforming. 
Reinforcement of a 200 mm rod yields an additional increase in compression strength from 72 
kN to 145 kN. The specimen then continues to take load up until 3.5 mm deformation, where 
a maximum load of 180 kN is reached. 
Further lengthening the rods to 300 mm and 372 mm only slightly increase the compression 
strength at 2 mm deformation, though the specimens are still able to take higher loads at 
higher deformation limits. 
• Diameter of the threaded steel rods:  10 mm & 15 mm 
• Length of threaded steel rods:    50 to 370 mm 
• Number of rods:        1 to 4 
• Distribution steel plates:      Four different types 
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Figure 2.11  Load/Indentation curves for a bearing plate 76 x 102 mm [3” x  4”] having a rod  
     perpendicular to grain as reinforcing. The carrying capacity more than doubles. The 
     lower heavier curve is for the bearing plate without a rod.[9] 
 
To investigate the relation between number of rods and compression strength increase, tests 
were also carried out with groups of rods. The results, as viewed in Figure 2.11, shows a 
proportional increase in compression strength to the size of the distribution plate and the total 
length of the threaded steel rods. 
 
Figure 2.12  The figure shows the load/indentation behavior of plates with multiple rods (3 or 4 
rods) in Madsen’s tests of beams reinforced with multiple threaded steel rods. [9] 
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2.5 Calculation models of compression strength for beams reinforced with 
screws 
The following subchapters describe two calculation models, one developed by Collings and 
one developed by Blass and Bejtka, to determine the compression strength of timber beams 
reinforced with screws. 
2.5.1 Collings method 
In 1999-2000, Francois Colling performed experiments with screws as reinforcement of 
timber when pressed perpendicular to the grain. The dimensions of the screws that were 
examined varied from 4x55 mm to 8x100 mm. 11 different screws were examined. The 
screws were tested in groups of 4 or 9 and the timber varied between pine and spruce, with a 
density of 400 kg/m3 and 500 kg/m3. Based on the test results Collin made the following 
calculation model to determine the compressive strength of the reinforced cross-section 
perpendicular to the grain.[8] 
.
  =  .
, + 0 * 7 * , = ,,
 *A + 02 * 7 * , 
 .
,  compression capacity of timber according to EN 1193 (kN) 
 ,   capacity of one screw, excluding the screw head (kN) 
 02    coefficient based on the underlying material 
 02    1.0 for hard materials, such as steel and concrete 
 02    0.75 for soft materials, such as timber 
 7   effective number of screws, min (n,  -∗#^∗_) 
 ( ∗ 52   loaded area (`6) 
 +    diameter of screws (m) 
2.5.2 Blass and Bejtkas method 
Blass and Bejtka performed a study aiming at determining the efficiency of screws used as 
tensile and compressive reinforcements perpendicular to the grain. For reinforced beam 
supports the following calculation model was proposed to design the self-tapping screws as 
compressive reinforcement. In comparison to Collings method, this method takes into account 
buckling as well as the withdrawal capacity of the screws (according to German 
standard).[10] 
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$
,= min (n*$ + 0,
*5,*b*,,
, ; b*5,6*,,
,) 
 $ = min {$, ;$,} 
  $, = d * 5 * ,, 
   with  d =  nominal diameter of screw 
      5 = see figure 2.12 
      ,, =  Design value of the withdrawal capacity parameter 
  $, = 0 * abc,def       
   with  ;< = 1.1 
    "#, = as below 
      0= 1     for       ≤ 0.2 
      0 = [Zghidg   for       > 0.2 
       with  k = 0,5 * [1+0,49*(-0,2)+6] 
        where  = Zabc,dadj,d 
         with   "#, = ? ∗	 (,k∗)g  *,, 
,, =  Characteristic yield strength      
 (for conventional screws  ,, = 400 N/``6) 
          !, =  Characteristic buckling load for a screw taking  
           into account the elastic foundation perpendicular 
           to the screw axis, a triangular normal load   
           distribution along the screw axis as well as the  
           support condition of the screw head. 
  n =  number of screws 
l					mnA,o					mnA,Mp= see figure 2.12 
  ,,
, = Design value of the compressive strength perpendicular to the grain 
   0,
 = Coefficient 0,
 ∈ [1 ; 1.75] for the load distribution  
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For axially loaded self-tapping screws the minimum spacing and edge distance are defined as 
'≥5*d           '6≥ 2.5*d           ' ∗ '6≥ 25*+6', ≥ 5*d           '6,≥ 4*d            
 
Figure 2.13  Sketch of test setup with definition of distances when using Blass and Bejtka´s method
     [10] 
2.6 Norms and standards: calculation models of compression strength for beams 
In order to later on be able to compare results in this thesis to current calculation methods and 
standards for calculating the compression strength perpendicular to the grain, a definition of 
the ultimate limit load (in swedish: "brottgränslasten"), ,
,, is needed. Timber subject to 
compression are able to withstand more load as it deforms, why ,
, is largely dependent 
on allowed deformation. 
2.6.1 Defining the ultimate limit load according to UNI 408 
According to UNI 408 standard, the buckling limit load of specific timber compression 
perpendicular to the grain are calculated based on an estimation of ,
,. A 
load/deformation diagram based on results from testing of the specific timber specimen is 
plotted, on which a straight line is drawn through the load/deformation curve from 0.1 to 0.4 
of the estimated maximum value, ,
,,, in Figure 2.14 marked as line 1. The line is 
then transmigrated horizontally to the point where the deformation corresponding to 1 % of 
the measured height, /, is located. ,
, is then taken as the value on which the line 
intersect with the plot, though only under the condition that the obtained value is within 5 % 
proximity to ,
,,.  
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Figure 2.14  Load-deformation diagram (compression). [3] 
Test procedure according to UNI 408 
Dimensions of the test specimen must fulfill the following conditions 
• b	 ∗ 	L = 25000 ``6 
• bstu = 100 mm 
• h  = 400 mm 
The specimen shall be mounted vertically in the test machine and the measuring height / 
must be placed at least at a distance of -\ from the pressed edge and measure approximately 
0.6	/. 
 
Figure 2.15  Test setup using UNI 408.[3] 
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The modulus of elasticity for timber compressed perpendicular to the grain can be determined 
based on the above described test procedure and the following equation. 
,
 = (Nyz{|}z	)∗]z(~yz{}z)∗-∗ 
 where  -  is the increase in loading from 10 % to 40 % of,
,, (N) 
 and  9	h	9 is the deformation corresponding to - (mm) 
2.6.2 Calculation according to Eurocode 
According to Eurocode 5, the design value of timber compression strength perpendicular to 
the grain in the ultimate limit state is given by the following formula. 
,,
, = 04 ∗ 	,,
,;<  
 with  04 =  Coefficient based on moist and duration of loading 
   ;< 					=  Partial coefficient based on material, for glue laminated wood ;< = 1.25 
When calculating the compression strength perpendicular to the grain the following 
requirements must be fulfilled: 
>,
, ≤ 0,
 ∗ ,,
, 
with 0,
 = Coefficient of compression perpendicular to the grain, to be used if the
   condition 5 ≥ 	2 ∗ ℎ in Figure 2.18 is fulfilled. In case (a) of the  
   figure, 0,
 is equal to 1.25 in case of massive timber made of fir, 
   while for glue laminated timber made of fir it is equal to 1.5. In case
   (b) the factor is instead 1.5 for massive timber made of fir, and 1.75 
   for glue laminated timber made of fir, though only under the condition
   that 5 ≤ 400 mm.  
     ,,
,=  Design value of the strength in compression perpendicular to the grain 
     >,
,=  N,z,2QR  
      where ,
, = Design determining value of force perpendicular to the 
            grain. 
    = Effective contact area perpendicular to the grain. When 
calculating, an additional length of 30 mm on each side of 
the support may be added to the real support length, under 
the pretense that the addition does not exceed ', 5, or #}6  
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Figure 2.16  Definition of distances, dimensions and lengths, Eurocode [6] 
2.7 Manufacturing and sorting process of glue laminated timber 
Glue laminated timber consists of several lamellas glued together with melamine. Much like 
the wood itself is structured with cellulose and lignin, the glue laminated wood product make 
up a relatively uniform (but still orthotropic) piece of timber. In Sweden the most common 
type of wood used for glue laminated beams is spruce. The manufacturing process is as 
follows; The raw material is dried at the sawmill to a moist level of 12 % to avoid cracks 
when the beam dries out . Then sorting of lamellas quality is carried out by measuring the 
distances between knots and other growth related occurrences. Naturally, the longer the 
distance between knots, the better quality is assigned. Sorting is done mechanically in to two 
strength classes which then are mixed in the beam. In order to get the right length of the finial 
beam, the lamellas are joint together lengthways using melamine glued finger joints. After the 
finger joints have dried the elongated lamellas are planed down and coated with melamine 
glue on its upper and bottom sides. The lamellas are placed together to harden under a heat of 
8o-95 degrees (Celsius) and a pressure of 7-8 kPa/cm2. The outer lamellas are usually of 
higher strength than the inner ones, due to the fact that in the finished beam the outer layers 
will in all probability be subject to greater strain. After the glue has hardened, after-treatment 
in form of plane downing the short-sides is carried out to get the final product. 
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3 Laboratory testing 
The following chapter presents set-ups and reasoning behind the testing of glue laminated 
beams under several different conditions, including support length and reinforcements. 
3.1 Test specimens 
When selecting which beam dimensions and what support lengths to use for testing, the 
following aspects are taken into account:   
• Moment capacity; to make sure the beam does not buckle due to bending prior to reaching 
the point of maximum compression strength perpendicular to the grain above the supports. 
The moment capacity of the beam is calculated with the following equation  
 S , ∗ & 
 where included parameters can be found in Symbols in the beginning of this report. 
The maximum bending moment in a beam with two supports loaded by two point loads is 
given by 
 = 2 ∗  
 also where included parameters can be found in Symbols in the beginning of this report. 
This leads to that the force , at which buckling due to bending is presumed to develop, is 
calculated by 
 = 2 ∗   
The achieved  in turn leads to the corresponding compression stress above the supports, >,
, (through /), at which buckling due to bending in the middle of the beam is 
presumed to develop. This stress needs to widely exceed the compression strength of the 
beam perpendicular to the grain above the supports, i.e. ,,
, ≪ >,
,, in order to make sure 
buckling due to bending will not occur before maximum compression perpendicular to the 
grain above the supports do.  
• Shear capacity; to make sure the beam does not buckle due to shear prior to reaching the 
point of maximum compression strength perpendicular to the grain above the supports. The 
maximum shear stress occurring in the beam is determined by using half of the previously 
calculated  as the designated shear force, % (as two supports will share the force), and 
calculating the shear stress >., presumed to arise from this loading. The equation for doing 
this is 
>., = 2 ∗ 1.5, 
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To make sure shear buckling will not develop prior to maximum compression perpendicular 
to the grain above the supports is achieved, this shear stress needs to be far less than the shear 
strength of the beam, i.e. ,., ≫ >.,. 
In this regard, selections of the test specimen dimensions are limited. Selected beam 
dimensions are given in Table 3.1. 
Beam type Length  
(x-axis)  
Width  
(y-axis) 
Height  
(z-axis) 
Quantit
y 
Tested support lengths 
Non-reinforced I 1600 mm 90 mm 270 mm 12 60*6, 90*3, 120*3 
Non-reinforced II 1600 mm 90 mm 360 mm 3 60*1, 90*1, 120*1 
Non-reinforced 
III 
2600 mm 115 mm 630 mm 3 60*1, 90*1, 120*1 
Steel plates I 1600 mm 90 mm 270 mm 6 60*5, 90*3 
Steel plates II 1600 mm 90 mm 360 mm 2 120*2 
Wooden rods 2600 mm 115 mm 630 mm 6 60*2, 90*2, 120*2 
Screws 2600 mm 115 mm 630 mm 6 60*2, 90*2, 120*2 
Table 3.1 Tested beam type with corresponding dimensions and number of tests of each support 
length. 
3.2 Method of testing 
Descriptions of each separate test setup are presented in this subchapter. All pressure tests of 
beams were carried out using a M.A.N hydraulic press with the capacity of deformation based 
pressuring up to 5000 kN, though with a measuring cell capable of sensing up to 500 kN. 
3.2.1 Non-reinforced beams 
Normal non-reinforced beams (Non-reinforced type I) was put onto supports, also made out of 
glue laminated wood but turned to face the pressure parallel to the grains, on top of PTFE 
(Poly-tetra-fluoro-ethylene, as known as Teflon) plates used as roller supports. Side-supports 
stabilizing the beam from side movement and tilting was also put in place. On top of the 
wooden beams, different kinds of steel plates and beams were used to distribute the load over 
a sufficient enough length along the top of the beam; partly to avoid breaking the beam too 
easily through bending, and also to defer the tension of reaching the support itself directly (for 
this a 45 degree angle from the point of applied force is needed – in other words the force are 
applied 270 mm for the height of the beam + the support length of e.g. 60 mm into the beam 
end), seeing as the testing then would not solely show the strength of the beam but 
transferring the tension straight down through the support. Testing at the speed of 0.05 mm/s 
was assumed to result in easily read result curves.  
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Figure 3.1  Test setup, non-reinforced beam. Supports in this photograph are 90 mm long. 
 
 
Prior to the above described tests, three beams (beam numbers 1-3) were tested with another 
setup using a hand operated hydraulic press. These tests were unsuccessful due to torsional 
buckling problems stemmed from inadequate side-supports, problems with the roller supports, 
and a somewhat irregular and uncontrolled testing speed. 
Figure 3.2  Schematic image of test setup, non-reinforced beam. Slanting lines represent force 
     distribution plates and beams; while cross-hash represent PTFE-material. Supports
      shown in this image are 60 mm long. 
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Figure 3.4  Steel plates used
     as reinforcement
    in beams 16 – 25 
 
Figure 3.3  Unsuccessful test setup, non-reinforced beams. 
3.2.2 Beams reinforced with screwed in steel plates 
In order to test the hypothesis of a prevention of elephant-foot-like bending, resulting in 
greater capacity, common anchoring steel plates were used at the sides of the support while 
testing beams under the same conditions as above. The dimensions of the plates are partly 
described in section 1.3, and also shown in figure 3.4. For the 60 mm supports 15 (3+2+3…) 
screws were used, while all 21 (4+3+4...) screws were used for 
the 90 mm as well as the 120 mm supports. This is due to the 
suggested distances used in Eurocode 5 for inserting a screw 
close to the end of a wooden body, in order to avoid splinting of 
the wood, but also simply because of the space available. 
Beams tested on 120 millimeter supports differentiate in height, 
having a height of 360 millimeter compared to the others having 
a height of 270 mm. This is solely due to not having enough 
available specimens of the same height, and based on the fact 
that the non-reinforced beams of 360 mm height showed almost 
identical results as those of 270 mm height, as discussed later in 
chapter 5.3. The assessment was made to use the higher beams 
were the shear stresses would otherwise tend to be the largest in 
order to get as many usable test results as possible. Note that all 
plates had an enlarged hole drilled into the middle of itself to 
make room for measuring equipment. This might have  
weakened the plates, though how much is unclear at this  
point – the assessment is that it is slight and possibly neglectable. Also these tests were 
carried out at a testing speed of 0.05 mm/s. 
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Figure 3.5  Test setup with steel plate reinforced beams. Supports in this photograph are 60 mm
      long. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6  Schematic image of test setup with steel plate reinforced beams. Slanting lines   
     represent force distribution plates and beams, while cross-hash represent PTFE-  
     material. Supports shown in this image are 60 mm long. 
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3.2.2.1 Ultimate stress test of screws 
The screws used with the anchoring plates described above were 
tested separately in a MTS (Material testing machine) with a 
hydraulic wedge grip as shown in In order to determine the 
strength of a single screw, and thereby be able to calculate how 
much the screws and steel plates contributes to the reinforcement 
of the wooden beams, respectively, four steel plates were 
attached to a single cube of wood, using one screw each. In the 
other end of the build the MTS pulls until splinting of the wood 
or ultimate deformation of the screws appear. As with the 
pressure test, the speed of testing is 0.05 mm/s. 
 
 
 
 
 
 
 
Figure 3.7 Setup for ultimate stress test of screws 
3.2.3 Beams reinforced with wooden rods 
To test the effects of wooden staff reinforcement of the beams, special ordered beams were 
used. Just as with the previous beams, glue laminated pine were used. The staffs inserted to 
the end of the beams are made of birch with a diameter of 19 millimeter and a length of 400 
millimeter, as described in subchapter 3.1. For reasons presented in subchapter 1.3, the 
percentage of reinforced area differs between different support-lengths. Seeing as the staffs 
are turned to face the tension parallel to the grain, the supports are switched from wood to 
solely steel above and underneath the PTFE-plates to avoid cracking of the supports during 
testing under high pressure. The load is distributed with steel plates as well as with the 
previously described steel beams, again to minimize the risk of prematurely cracking the 
beam through bending and pressing the end of the beams with too much of an straight angle. 
Naturally measuring of deformation is now carried out directly onto the metal supports. 
Testing speed remains to be 0.05 mm/s. 
 
Figure 3.8  End of a wooden rod reinforced beam (produced for testing with 60 mm support). 
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Figure 3.9  Test setup, wooden staff reinforced beams. 
 
Figure 3.10  Schematic image of test setup used for beams of size 2600 mm ∗ 630 mm ∗ 115 mm. 
  Slanting lines represent force distribution plates and beams as well as steel supports,
  while cross-hash represent PTFE-material. Supports shown in this image are 120  
  mm long. 
3.2.4 Beams reinforced with glued in threaded steel rods 
The finial set of beams are reinforced with glued in threaded steel rods, with a diameter of 12 
mm and the length of 400 mm. Comparisons to the wooden staff reinforcement are of interest 
not only for economic reasons (as these would be cheaper to produce according to Töreboda 
Moelven AB) but also for the possibility to use a wider set of connections when attaching the 
beam to a pillar or support, not having to take internal steel into account e.g. when drilling or 
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screwing. One main difference in finial product can be seen when comparing the ends of the 
beams - the glued in steel rods differ somewhat in depth whilst the glued in wooden rods do 
not. This will probably have some impact on the results, as not all screws will become active 
simultaneously during the tests. Compare the figure below with figure 3.3. In all other aspects 
these beams are constructed and tested in the same manner as the glued in wooden staffs. 
 
3.2.5 Block tests 
To get a closer look at the strength of the 
specific wood used in the tested beams, 
sample blocks were taken out of the middle of 
six different beams and tested in a MTS (MTS 
322 Test Frame) until buckling and/or large 
deformation appeared. For consistency testing 
speed remains to be 0.05 mm/s. 
Three of the blocks were taken from the 90 
mm wide and 270 mm high unreinforced 
beams (naturally after beam testing), while the 
remaining three blocks were taken from the 
larger beams with widths of 115 mm and the 
height of 630 mm.  
 
  
Figure 3.11 Bottom side of a beam reinforced with threaded 
steel rods, used on a 120 mm long support. 
Comparing the middle rod on the bottom row 
with the rightmost rod on the upper row, the 
difference is as much as 5 mm. 
Figure 3.12 Test setup of unreinforced block tests.
    Blocks are taken out from the  
    previously tested beams. 
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3.2.6 Plate and screw reinforced block tests 
A number of additional block tests were carried out using screw reinforced timber along with 
thick steel plates considered unyielding. By confining the bottom part of the cross-section 
from yielding, these tests would show the behavior of such a design. The aim here was not to 
measure exact deformation or stress values, but to see what type of buckling mode would 
appear. The guess was that the these blocks would show a similar buckling mode to those 
described in the previous subchapter, only translocated to the top of the confined part of the 
block. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13  Test setup of plate and screw reinforced 
     block tests 
 
Figure 3.14  Top view of the blocks used for plate and 
 screw reinforced block tests. 
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4 Results of laboratory tests 
The following chapter presents the results of all laboratory tests, previously described in 
chapter 3.2. The layout of the chapter is such that firstly the results of the separate tests are 
presented in form of stress/deformation- graphs in which each result is taken as the mean of 
two measurements on one edge of the beams. 
To illustrate the timber’s ability to carry load a table of the stiffness in N/mm3 together with 
the density is presented for each beam. The stiffness is obtained by selecting two points where 
the stress/deformation curve is linear, of which one represents the force required to deform the 
cross section 1 mm. 
4.1 Non-reinforced smaller beams with support lengths of 60 mm 
For testing of beams with support lengths of 60 mm and dimensions of 90x270x1600 mm, 12 
results were obtained. In all cases the yield stress of the timber exceeded the strength 
perpendicular to the grain, leading to the same type of failure mode. 
• The shear stresses in the beams were between 2.23 and 3.13 MPa.  
 
Graph 4.1 Stress/deformation- curves for beams 90 x 270 x 1600 with supports of 60 mm. 
Table 3.2 shows the density and stiffness of each beam. The stiffness is defined as the stress 
required to deform the beam 1 mm above the support between the stress 1 and 3 MPa. 
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Results for support length 60 mm 
Beam-10-0-N1:2
Beam-10-0-N3:4
Beam-10-0-Ö1:2
Beam-10-0-Ö3:4
Beam 11-0-N1:2
Beam 11-0-N3:4
Beam 11-0-Ö1:2
Beam 11-0-Ö3:4
Beam 12-0-Ö1:2
Beam 12-0-Ö3:4
Beam 12-0-N1:2
Beam 12-0-N3:4
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Beam 
number 
Density 
(kg/m3) 
Stiffness 
(N/mm3) 
10-N 455.3 3.8 
10-Ö 455.3 3.8 
11-N 458.9 4.6 
11-Ö 458.9 3.9 
12-N 434.2 4.2 
12-Ö 434.2 5.5 
Mean value 449.5 4.3 
Table 4.1 Density and stiffness of beams 10, 11 and 12. 
Figure 4.1  Test specimen after loading with support length 60 mm 
 
 
 
 
 
 
 
 
Figure 4.2  Cross-section showing clear plastic deformations after 
specimen has been loaded perpendicular to the grain. 
The growth rings are partially separated from each 
other. 
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Figure 4.3  The pictures show various types of differences that may affect the results, observed in 
the beam ends of the tested specimens with support lengths of 60 mm. Branches which
 were located in the support area (picture to the lower right) and a finger joint which
 ended up just above a support (upmost picture and picture to the lower left). 
 
4.2 Non-reinforced smaller beams with support lengths of 90 mm 
For testing of beams with support lengths of 90 mm with beam dimensions 90x270x1600 mm, 
10 results were obtained. Concerning the type of failure modes observed, in all cases the yield 
stress of the wood exceeded the strength perpendicular to the grain.  
• The shear stresses in the beams were between 2.98 and 4.52 MPa. 
Table 3.3 shows the results of density and stiffness of each beam. The stiffness is defined as 
the stress required to deform the beam 1 mm above the support between the stresses 1 and 3 
MPa. 
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Graph 4.2 Stress/deformation- curves for beams 90 x 270 x 1600 with support lengths of 90 mm 
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Stress 
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Displacement  
(mm) 
Results for support length 90 mm 
beam 7-0-N1:2
Beam 7-0-N2:4
Beam 7-0-Ö1:2
Beam 7-0-Ö3:4
Beam 8-0-N1:2
Beam 8-0-N3:4
Beam 8-0-Ö1:2
Beam 8-0-Ö3:4
Beam 9-0-Ö1:2
Beam 9-0-Ö3:4
Beam 
number 
Density 
(kg/m3) 
Stiffness 
(N/mm3) 
7-N 453.7 3.2 
7-Ö 453.7 3.7 
8-N 465.1 2.9 
8-Ö 465.1 3.9 
9-N 450.2 - 
9-Ö 450.2 3.1 
Mean value 456.3 3.4 
Table 4.2 Density and stiffness of beams 7 to 9. 
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Figure 4.4  A non-reinforced beam on 90 mm long supports, during testing. Observe the 
transversal, or “elephant-foot-like” deformation showing  just above the support. 
 
Figure 4.5  The beam is pressed out in an “elephant-foot-like” deformation. The picture is taken 
just after finishing the test. 
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Figure 4.6  Example of failure tangential to almost an entire annual ring, the lower end of the 
beam separating when loaded heavily. 
 
Figure 4.7  Example of the support cutting into the beam end and splitting the fibers 
perpendicular to the grain. 
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Figure 4.8  A large block is torn loose from the side of the beam end as a consequence of large 
deformations above the support. 
4.3 Non-reinforced smaller beams with support lengths of 120 mm 
For testing of beams with support lengths of 120 mm with beam dimension 90 x 270 x 1600 
mm, 10 results were obtained. Concerning the type of failure modes observed, in all cases the 
yield stress of the wood exceeded the strength perpendicular to the grain.  
The force required to deform the beam end above the support was so great that the risk of 
failure due to shear stress rather than due to compression was imminent. Indeed, in one case 
the beam did fail due to shear. Therefore, while testing the first side of the remaining beams 
the tests were stopped before any clear failure could be observed in order to make sure to get 
two results from each beam. 
• The shear stresses in the beams were between 3.6 and 4.87 MPa 
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Graph 4.3 Stress/deformation- curves for beams with dimensions of 90 x 270 x 1600 mm and with 
    support lengths of 120 mm. 
 
Table 3.4 shows the density and stiffness of each beam handled in this subchapter. The 
stiffness is defined as the stress required to deform the beam end 1 mm above the support 
between the stresses 1 and 3 MPa. 
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Results for support length 120 mm 
Beam 4-0-N1:2
Beam 4-0-N3:4
Beam 4-0-Ö1:2
Beam 4-0-Ö3:4
Beam 5-0-N1:2
Beam 5-0-N3:4
Beam 5-0-Ö1:2
Beam 5-0-Ö3:4
Beam 6-0-N1:2
Beam 6-0-N3:4
Beam 6-0-Ö1:2
Beam 6-0-Ö3:4
Beam number Density 
(kg/m3) 
Stiffness 
(N/mm3) 
4-N 448.0 3.3 
4-Ö 448.0 2.8 
5-N 477.3 4.2 
5-Ö 477.3 3.5 
6-N 441.7 2.7 
6-Ö 441.7 2.9 
Mean value 455.7 3.2 
Table 4.3 Density and stiffness of beams 4 to 6. 
Density and stiffness of beams 10, 11 and 12. 
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Figure 4.9  A shear failure occurring in the adhesive joint in the middle of the beam. Also note the
     vertical crack between lamella one and two, something that was seen in several tests. 
 
Figure 4.10  Example of shear failure 
in the middle of the beam. 
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Figure 4.11  Plastic deformation of a specimen with support lengths of 120 mm. 
 
 
Figure 4.12  Tendency of “elephant-foot-like” deformation of a beam using 120 mm support   
     lengths. 
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Figure 4.13  Another example of the support cutting into the beam end and splitting the fibers 
perpendicular to the grain. 
 
Figure 4.14  Another example of failure tangential to 
an  annual ring. The bottom part of the 
end of the beam shown in the picture 
separated under heavy loading. 
40 
 
4.4 Non-reinforced larger beams with support lengths of 60 mm 
From testing of beams with dimension 115 x 630 x 2500 mm and support lengths of 60 mm, 4 
results were obtained. Concerning the type of failure modes observed, in all cases the stress 
exceeded the strength perpendicular to the grain. 
• The shear stresses in the beams were between 1.16 and 1.18 MPa. 
 
Graph 4.4 Stress/deformation- curves for beams 115 x 630 x 2500 and support 60 mm. 
Table 3.5 shows the density and stiffness of each beam. The stiffness is defined as the stress 
required to deform the timber 1 mm above the support between the stresses 1 and 3 MPa. 
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Results for non-reinforced beams with support 60 mm 
Beam 26-0-N1:2
Beam 26-0-N3:4
Beam 26-0-Ö1:2
Beam 26-0-Ö3:4
Beam 
number 
Density 
(kg/m3) 
Stiffness 
(N/mm3) 
26-N 460.6 2.0 
26-Ö 460.6 1.8 
Mean value 460.6 1.9 
Table 4.4  Density and stiffness of beam 26. 
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4.5 Non-reinforced larger beams with support lengths of 90 mm 
From testing of beams with dimension 115 x 630 x 2500 mm and support lengths of 90 mm, 4 
results were obtained. Concerning the type of failure modes observed, in all cases the stress 
exceeded the strength perpendicular to the grain. 
• The shear stresses in the beams were between 1.25 and 1.50 MPa 
 
Graph 4.5  Stress/deformation- graph for beams 115 x 630 x 2500 and support 90 mm. 
Table 3.6 shows the density and stiffness of each beam. The stiffness is defined as the stress 
required to deform the wood 1 mm above the support between the stresses 1 and 3 MPa. 
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Results for non-reinforced beams with support 90 mm 
Beam 27-0-N1:2
Beam 27-0-N3:4
Beam 27-0-Ö1:2
Beam 27-0-Ö3:4
Beam 
number 
Density 
(kg/m3) 
Stiffness 
(N/mm3) 
27-N 458.1 1.5 
27-Ö 458.1 1.4 
Mean value 458.1 1.5 
Table 4.5  Density and stiffness of beam 27. 
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4.6 Non-reinforced larger beams with support lengths of 120 mm 
From the testing of beams with dimensions 115 x 630 x 2500 mm, and support lengths of 120 
mm, 4 results were obtained. Concerning the type of failure modes observed, in all cases the 
stress exceeded the strength perpendicular to the grain. 
• The shear stresses in the beam were between 1.55 and 1.83 MPa 
 
Graph 4.6  Stress/deformation- curves for beams 115 x 630 x 2500 and support 120 mm. 
Table 3.7 shows the density and stiffness of the beam (stiffness measured on both sides, called 
N and Ö). The stiffness is defined as the stress required to deform the wood 1 mm above the 
support between the stresses 1 and 3 MPa. 
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Results for non-reinforced beams with support 120 mm 
Beam 28-0-N1:2
Beam 28-0-N3:4
Beam 28-0-Ö1:2
Beam 28-0-Ö3:4
Beam number Density 
(kg/m3) 
Stiffness 
(N/mm3) 
28-N 463.0 1.4 
28-Ö 463.0 1.3 
Mean value 463.0 1.4 
Table 4.6  Density and stiffness of beam 28. 
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Beam 
number 
Density 
(kg/m3) 
Stiffness 
(N/mm3) 
29 460.6 4.2 
30 460.6 3.8 
Mean value 460.6 4.0 
Table 4.7 Density and stiffness of beams 29 and 30. 
4.7 Beams with support lengths of 60 mm, reinforced with 2 wooden rods 
From the testing of wooden rod reinforced beams with dimensions 115x630x2500, and 
support lengths of 60 mm, 4 results were obtained. The wooden rods were inserted so that 
they formed a smooth surface with the underside of the beam. In some cases a minimal 
amount of glue sipped out during production to add a thin layer outside the underside surface. 
Nonetheless, the rods were considered capable of absorbing loads directly. 
The failure mode observed when performing these tests was buckling of the wooden rods, 
approximately 10 to 30 mm into the beam. Compared to the non-reinforced beams, these 
specimens showed a much more brittle behavior when failing.     
• The shear stresses in the beams were between 1.88 and 2.14 MPa 
 
Graph 4.7  Stress/deformation- curves for beams 115 x 630 x 2500 mm, reinforced with 2 wooden 
rods and support lengths of 60 mm. 
Table 4.7 shows the results for stiffness of each beam. The stiffness is defined as the stress 
required to deform the wood 1 mm between the stresses 2 and 4 MPa. The density is a mean 
value of the beams 26 to 28, due to lack of equipment before testing. After the beams were 
tested they were heavily damaged, and an appropriate weighting was not considered possible. 
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Beam 29-T-1:2
Beam 29-T-3:4
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Beam 30-T-3:4
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Figure 4.15  Specimen after testing. Observe the rods at the contact area having been  
pressed into the beam.  
 
 
Figure 4.16  Deformation while testing (to the left) and deformation after the specimen had been 
     tested (to the right). 
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Figure 4.17  Steel support cuts into the underside of the beam. 
 
 
Figure 4.18  Deformations of tests specimens with wooden rods. 
 
4.8 Beams with support lengths of 90 mm, reinforced with 4 wooden rods 
From the testing of wooden rod reinforced beams with dimensions 115x630x2500, and 
support lengths of 90 mm, 4 results were obtained. The wooden rods were inserted so that 
they formed a smooth surface with the underside of the beam. In some cases a minimal 
amount of glue sipped out during production to add a thin layer outside the underside surface. 
Nonetheless, the rods were considered capable of absorbing loads directly. 
46 
 
The failure mode observed when performing these tests was buckling of the wooden rods, 
approximately 10 to 30 mm into the beam. Compared to the non-reinforced beams, these 
specimens showed a much more brittle behavior when failing.     
• The shear stresses in the beams were between 2.88 and 3.00 MPa 
 
Graph 4.8  Stress/deformation- curves for beams 115 x 630 x 2500 reinforced with 4 wood rods 
and support 90 mm. 
Table 4.8 shows the results for stiffness of each beam. The stiffness is defined as the stress 
required to deform the wood 1 mm between the stresses 2 and 4 MPa. The density is a mean 
value of the beams 26 to 28, due to lack of equipment before testing. After the beams were 
tested they were heavily damaged, and an appropriate weighting was not considered possible. 
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Results for reinforced beams with 4 wooden rods 
Beam 31-T-1:2
Beam 31-T-3:4
Beam 32-T-1:2
Beam 32-T-3:4
Beam 
number 
Density 
(kg/m3) 
Stiffness 
(N/mm3) 
31 460.6 4.0 
32 460.6 4.1 
Mean value 460.6 4.1 
Table 4.8 Density and stiffness of beams 31 and 32. 
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Figure 4.19  A large block is ripped off from one side of the beam. 
 
Figure 4.20  A closer view of the block ripped off the side of the beam during testing. 
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Figure 4.21  The wooden rods have buckled about 20 mm into the beam and a large chunk of the 
beam side has loosened from the rest. 
 
Figure 4.22  Beam specimen with 4 wooden rods after testing. 
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Figure 4.23  Buckling of the wooden rods in different depths of the beam. 
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Figure 4.24  Failure just above the support. 
 
Figure 4.25  Support cutting into the test specimen. 
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Figure 4.26  Example of a less notable cut-in of the support. 
4.9 Beams with support lengths of 120 mm, reinforced with 6 wooden rods 
From the testing of wooden rod reinforced beams with dimensions 115x630x2500, and 
support lengths of 120 mm, 4 results were obtained. The wooden rods were inserted so that 
they formed a smooth surface with the underside of the beam. In some cases a minimal 
amount of glue sipped out during production to add a thin layer outside the underside surface. 
Nonetheless, the rods were considered capable of absorbing loads directly. 
The failure mode observed when performing these tests was buckling of the wooden rods, 
approximately 10 to 30 mm into the beam. Compared to the non-reinforced beams, these 
specimens showed a much more brittle behavior when failing.  
• The shear stresses in the beams were between 2.72 and 3.91 MPa 
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Graph 4.9  Stress/deformation- curves for beams 115 x 630 x 2500 reinforced with 6 wood rods 
and support 120 mm. 
Table 4.9 shows the results for stiffness of each beam. The stiffness is defined as the stress 
required to deform the wood 1 mm between the stresses 2 and 4 MPa. The density is a mean 
value of the beams 26 to 28, due to lack of equipment before testing. After the beams were 
tested they were heavily damaged, and an appropriate weighting was not considered possible. 
 
4.10 Beams with support lengths of 60 mm, reinforced with 2 steel rods 
From the testing of threaded steel rod reinforced beams with dimensions 115x630x2500, and 
support lengths of 60 mm, 4 results were obtained. The steel rods were inserted to the beam 
underside at a varying depth (due to difficulties in production) of 2 to 6 mm. 
The failure mode observed when performing these tests was buckling of the threaded steel 
rods, approximately 40 to 50 mm into the beam. Compared to the non-reinforced beams, these 
specimens showed a much more brittle behavior when failing.     
• The shear stresses in the beams were between 2.78 and 2.89 MPa 
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Results for reinforced beams with 6 wooden rods 
Beam 33-T-1:2
Beam 33-T-3:4
Beam 34-T-1:2
Beam 34-T-3:4
Beam 
number 
Density 
(kg/m3) 
Stiffness 
(N/mm3) 
33 460.6 4.3 
34 460.6 4.1 
Mean value 460.6 4.2 
Table 4.9 Density and stiffness of beams 33 and 34. 
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Graph 4.10  Stress/deformation- curves for beams 115 x 630 x 2500 reinforced with 2 steel rods 
and support lengths of 60 mm. 
Table 4.10 shows the results for stiffness of each beam. The stiffness is defined as the stress 
required to deform the beam 1 mm above the supports, between the stresses 2 and 4 MPa as 
well as between 11 and 13 MPa. The density is set to the same mean value as explained earlier 
(density of beams 26, 27 and 28), due to lack of weighing equipment before testing. After the 
beams were tested they were heavily damaged, and an appropriate weighting was not 
considered possible.  
 
0
5
10
15
20
25
0 5 10 15
Stress 
(MPa) 
Displacement  
(mm) 
Results for reinforced beams with 2 steel rods   
Beam 35-S-3:4
Beam 36-S-1:2
Beam 36-S-3:4
Beam 35-S-1:2
Beam 
number 
Density 
(kg/m3) 
1st Stiffness 
(N/mm3) 
2nd Stiffness 
(N/mm3) 
35 460.6 3.9 3.6 
36 460.6 4.2 3.8 
Mean value 460.6 4.1 3.7 
Table 4.10 Density and stiffness of beams 35 and 36. 
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Figure 4.27  Deformation of test specimen with 2 steel rods. 
 
 
Figure 4.28  Large plastic deformation of threaded steel rod reinforced beam using 2 rods and 60 
mm supports. 
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Figure 4.29  The threaded steel rod made visible after deformed timber shown in the previous 
figure is removed. 
 
Figure 4.30  Large plastic deformations of the threaded steel rods used as reinforcement in timber
     beams. 
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4.11 Beams with support lengths of 90mm, reinforced with 4 steel rods 
From the testing of threaded steel rod reinforced beams with dimensions 115x630x2500, and 
support lengths of 60 mm, 4 results were obtained. The steel rods were inserted to the beam 
underside at a varying depth (due to difficulties in production) of 2 to 6 mm. 
The failure mode observed when performing these tests was buckling of the threaded steel 
rods, approximately 40 to 50 mm into the beam. Compared to the non-reinforced beams, these 
specimens showed a much more brittle behavior when failing. 
• The shear stresses in the beams were between 4.63 and 4.85 MPa 
 
Graph 4.11  Stress/deformation- curves for beams 115 x 630 x 2500 reinforced with 4 steel rods 
and support lengths of 90 mm 
Table 4.11 shows the results for stiffness of each beam. The stiffness is defined as the stress 
required to deform the beam 1 mm above the supports, between the stresses 2 and 4 MPa as 
well as between 11 and 13 MPa. The density is set to the mean value of beams 26, 27 and 28, 
due to lack of weighing equipment before testing. After the beams were tested they were 
heavily damaged, why an appropriate weighting was not considered possible. 
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Figure 4.31  Deformation after the specimen had been tested with steel rods. A very brittle behavior 
is observed when the rods fail due to buckling. 
Beam 
number 
Density 
(kg/m3) 
1st Stiffness 
(N/mm3) 
2nd Stiffness 
(N/mm3) 
37 460.6 3.5 3.5 
38 460.6 3.9 2.5 
Mean value 460.6 3.7 3.0 
Table 4.11  Density and stiffness of beams 37 and 38. 
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Figure 4.32  Support of specimen with 4 steel rods after testing. 
 
Figure 4.33  Buckled steel rods. 
 
4.12 Beams with support lengths of 120mm, reinforced with 6 steel rods 
From the testing of threaded steel rod reinforced beams with dimensions 115x630x2500, and 
support lengths of 120 mm, 2 results were obtained. The steel rods were inserted a varying 
depth (due to difficulties in production) so that the ends of the rods were located at 1.5 to 6.5 
mm into the beam undersides. Several of the rods located 1.5 mm into the beams also 
happened to be placed on the same side laterally. Because of this the beams tilted laterally 
under very high pressure, despite the side supports. Beam 39 tilted so much that the test had to 
be stopped and no results could be obtained. Also beam 40 tended to tilt but as it had a smaller 
variation between the depths of the steel rods, 2 results were obtained.  
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The failure mode of beam 40 was that of shear stress exceeding the shear capacity.     
• The shear stress in beam 40 reached 5.42 MPa 
 
 
Graph 4.12  Stress/deformation- curves for beams 115 x 630 x 2500 reinforced with 6 steel rods 
and supports of 120 mm 
Table 4.12 shows the density and stiffness of beam 40. The stiffness is defined as the stress 
required to deform the beam 1 mm above the supports, between the stresses 2 and 4 MPa as 
well as between 11 and 13 MPa. The density is set to the same mean value as explained earlier 
(density of beams 26, 27 and 28), due to lack of weighing equipment before testing. After the 
beams were tested they were heavily damaged, why an appropriate weighting was not 
considered possible.  
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Results for reinforced beams with 6 steel rods 
Beam 40-S-1:2
Beam 40-S-3:4
Beam 
number 
Density 
(kg/m3) 
1st Stiffness 
(N/mm3) 
2nd 
Stiffness 
(N/mm3) 
39 460.6 - - 
40 460.6 3.0 4.1 
Mean value 460.6 3.0 4.1 
Table 4.12 Density and stiffness of beams 39 and 40. 
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4.13 Beams with support lengths of 60 mm, reinforced with screwed in steel 
plates 
From beams reinforced with steel plates and screws, using support lengths of 60 mm, 10 
results were obtained. Both sides (upper and lower) of the beams were used for testing. 
Testing of the first side was intentionally interrupted before any failure occurred in order to 
get results from both sides. Testing of the second sides resulted in failure due to the shear 
stress exceeding the shear capacity.   
• The shear stresses in the beams that failed due to shear stress were between  
5.42 and 5.73 MPa. 
 
Graph 4.13  Stress/deformation- curves for beams 90 x 270 x 1600 reinforced with steel plates and 
     screws, supports of 60 mm. 
Table 4.13 shows the density and stiffness of each beam. The stiffness is defined as the stress 
required to deform the beam 1 mm above the supports between the stresses 2 and 4 MPa.  
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Results for reinforced beams with plats and screws 
Beam 23-P-Ö1:2
Beam 23-P-Ö3:4
Beam 23-P-N1:2
Beam 23-P-N3:4
Beam 21-P-Ö1:2
Beam 20-P-N1:2
Beam 20-P-N3:4
Beam 20-P-Ö1:2
Beam 20-P-Ö3:4
Beam 21-P-Ö3:4
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Beam 
number 
Density 
(kg/m3) 
Stiffness 
(N/mm3) 
20-N 449.8 6.0 
20-Ö 449.8 4.5 
21-N 440.2 - 
21-Ö 440.2 7.2 
23-N 449.1 5.3 
23-Ö 449.1 8.4 
Mean value 446.4 6.3 
Table 4.13 Density and stiffness of beams 20, 21 and 23. 
Figure 4.34  Pictures of specimens after testing with steel 
     plates and screws as reinforcement. The screw
     holes near the support are not deformed while
     screw holes closer to the middle of the beam, 
     shows increased deformation from the screws
     pressing down. 
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Figure 4.35  Test setup for beams reinforced with steel plates and screws. 
 
Figure 4.36  Deformation of reinforced specimen after testing. A large crack is visible in the middle
     of the beam and continues through the support itself. 
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Figure 4.37  Shear failure of a beam reinforced with steel plates and screws during testing.   
 
4.14 Beams with support lengths of 90 mm, reinforced with screwed in steel 
plates 
From testing of beams reinforced with steel plates and screws, using support lengths of 90 
mm, 10 results were obtained. Both sides (upper and lower) of the beams were used for 
testing. Testing of the first side was intentionally interrupted before any failure occurred in 
order to get results from both sides. Beam number 18 failed due to bending. Because of this a 
modification of the test setup were carried out; to reduce the bending moment in the middle of 
the beam the load was applied in two uniformly distributed loads to the sides of the middle, 
instead of the previously used 3 uniformly distributed loads of which one was in the middle. 
Using the new setup, beams 19 and 22 instead failed due to shear stresses. 
• The shear stresses in the beams that failed due to shear were between  
5.23 and 5.65 MPa 
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Graph 4.14  Stress/deformation- curves for beams 90 x 270 x 1600 reinforced with steel plates and
     screws, supports of 90 mm. 
Table 4.14 shows the density and stiffness of each beam. The stiffness is defined as the stress 
required to deform the beam 1 mm above the supports between the stresses 2 and 4 MPa.  
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Beam 22-P-N1:2
Beam 22-P-N3:4
Beam 22-P-Ö1:2
Beam 22-P-Ö3:4
Beam 
number 
Density 
(kg/m3) 
Stiffness 
(N/mm3) 
18-N 455.6 4.3 
18-Ö 455.6 6.7 
19-N 461.6 6.3 
19-Ö 461.6 7.4 
22-N 449.8 6.4 
22-Ö 449.8 4.9 
Mean value 455.7 6.0 
Table 4.14 Density and stiffness of beams 18, 19 and 22. 
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Figure 4.39  A crack in the middle of the beam end, indicating a tendency to sideways deformation
     (as seen in non-reinforced beams). Though, the cross-section does hold throughout the
     test.  
4.15 Beams with support lengths of 120 mm, reinforced with screwed in steel 
plates 
From testing beams reinforced with steel plates and screws, using support lengths of 120 mm,  
10 results were obtained. Both sides (upper and lower) of the beams were used for testing. 
Testing of the first side was intentionally interrupted before any failure occurred in order to 
get results from both sides. Testing of the second sides resulted in failure due to the shear 
stresses exceeding the shear capacity. 
• The shear stresses in the beams that failed due to shear stress were between  
4.17 and 5.14 MPa 
Figure 4.38  A slight crack, possibly due to shear 
     stresses, is visible just below the beam 
     numbering marks. 
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Graph 4.15  Stress/deformation- graph for beams 90 x 270 x1600 reinforced with steel plates and 
     screws, supports 120  mm. 
Table 4.15 shows the density and stiffness of each beam. The stiffness is defined as the stress 
required to deform the beam 1 mm above the supports between the stresses 2 and 4 MPa. 
 
 
4.16 Ultimate capacity test of screws 
Testing of the ultimate screw capacity yielded one result, ending in the test specimen tearing 
apart. The force needed to deform the screws to the extent shown in Figure 3.53 was 
measured to approximately 2.7 kN. 
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Beam 24-P-N1:2
Beam 24-P-N3:4
Beam 24-P-Ö1:2
Beam 24-P-Ö3:4
Beam25-P-N1:2
Beam 25-P-N3:4
Beam 25-P-Ö1:2
Beam 25-P-Ö3:4
Beam 
number 
Density 
(kg/m3) 
Stiffness 
(N/mm3) 
24-N 478.6 4.2 
24-Ö 478.6 4.5 
25-N 471.0 4.5 
25-Ö 471.0 4.4 
Mean value 474.8 4.4 
Table 4.15 Density and stiffness of beams 24 and 25. 
67 
 
 
Graph 4.16  Result of ultimate capacity test of screws. 
 
Figure 4.40  Test specimen used for determining the ultimate capacity of screws, after testing. 
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Figure 4.41  Deformation of screws used in ultimate capacity test. 
 
4.17 Block tests, 90 mm and 115 mm 
Testing of blocks with dimensions 90 x 90 x 135 mm yielded 3 results, as presented in Graph 
3.17 below. 
 
Graph 4.17  Results of block tests using block dimensions of 90 x 90 x 135 mm 
 
Testing of blocks with dimensions 115 x 115 x 135 mm yielded 3 results, as presented in 
Graph 4.18 below. 
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Graph 4.18  Results of block tests using block dimensions of 115 x 115 x 135 mm 
 
4.18 Blocks reinforced with steel screws 
Testing of blocks reinforced with steel screws and thick plates yielded 3 separate results, of 
which the mean values are presented in the graph below. 
 
Graph 4.19  Stress/deformation, blocks 115 x 115 x 315 mm, reinforced with steel screws. 
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5 Analysis of laboratory testing and results 
In the following subchapter an analysis along with a discussion of the obtained results are 
presented. To begin with, as a general comment when performing the tests, the beams and test 
equipment is setup to the best of our measuring abilities and ocular judgment. Measuring and 
placing the beams by hand at 60, 90, or 120 mm onto the supports does not guarantee decimal 
millimeter precision.  
5.1 Definition of ultimate limit load 
As stated in subchapter 2.6, in order to compare the results in this thesis to current calculation 
methods and standards for calculating the compression strength perpendicular to the grain, a 
definition of ultimate limit load (in swedish: "brottgränslast") is needed. As timber subject to 
compression are able to withstand more load as the wood cells compress, and no absolute 
buckling limit in the general sense is present, the discussion of where the limit should be set is 
instead largely dependent on the deformation allowed by the engineer designing the specific 
construction. 
In the UNI 408 standard, guidelines for defining the ultimate limit load is given, although the 
validity of these guidelines are limited to certain timber dimensions not translatable to either 
the tests performed in this thesis or most real life constructions and support conditions. When 
defining the limit load, as previously described in section 2.6.1, the UNI 408 standard 
assumes that when uniform loads spread over the top and bottom surfaces of a test specimen 
are put in place, it can be seen as linear elastic throughout its measured height  ℎ. This 
definition concerning the ultimate limit load is hard to translate to the tests performed in this 
thesis, as observations herein indicate a load spreading effect when not loading the whole 
specimen, much like suggested by Suenesson test results presented in subchapter 2.4. Because 
of this, a linear elastic behavior cannot be assumed in this case. Instead, in this thesis we 
define the ultimate limit load as a function of allowed deformation. The allowed deformation 
function is plotted in graphs showing compression strength over support lengths. This way, 
determining the strength of a certain beam using certain support lengths is made easier. An 
example of such a graph is presented below. 
 
Graph 5.1  Example of a deformation- /support length – controlled capacity graph. 
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5.2 Non-reinforced beams, height 270 millimeters 
As seen in Graph 5.2, all the non-reinforced beams with the height 270 mm initially show a 
similar stiffness, though after approximately 1 mm deformation the beams with different 
support lengths start to differ. The beams with 60 mm support lengths demonstrate a greater 
stiffness than the other two types, i.e. the effect of load transmission to adjacent fibers, as 
described in subchapter 2.4 (page 6), is more distinct. Beams with support lengths 90 and 120 
mm shows more closely related stiffnesses as the load transmission effect declines. 
 
Graph 5.2  Mean values of results for unreinforced beams. 120, 90 & 60 mm support lengths. 
Graph 5.3 displays the stress value plotted against support length in a number of displacement 
curves, as described in the previous section. Even though only three points are available, it is 
our assessment that the curves clearly begin to plane out after 90 mm support lengths, as the 
difference between 90 mm and 120 mm is considerably less than the difference between 60 
and 90 mm. According to Eurocode an addition in capacity is granted if the support length is 
less than or equal to 400 mm, as described in subchapter 2.6.2 (page 16). The results herein 
show that this limit is questionable as the stress capacity limits begin to plane out as early as 
at 90 mm support lengths. It should be noted that the stress values of 120 mm supports in 
Graph 5.3 is based on a mean value of eight results as opposed to twelve results. This is due to 
some tests not generating results above 3 mm deformation. However, in Graph 5.2 the mean 
values of the twelve results are presented as far as possible. 
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Graph 5.3  Deformation- /support length – controlled capacity graph for non-reinforced beams 
with heights 270 mm, widths 90 mm. Note that mean values of 120 mm supports are 
based on  8 results while the other values are based on 12 results. 
In other words, when using the design method described in Eurocode, it could be that the 
strength is overrated if using supports between 90 mm and 400 mm, while underrated when 
using shorter supports. It is also clear from looking at Graph 5.3 that while allowing for higher 
and higher deformation the compression strength differs less and less. This would further 
affect the possible over- /underestimation when using Eurocode. The quantity of test results 
herein does not enable characteristic values to be extracted, but even so a comparison is of 
interest to illustrate the possibility of this overrating. Taking the example of allowing for 2 
mm deformation and a 120 mm support, the test results give a compression strength of about 
4.5 MPa, while using Eurocode would result in a compression strength of 
1.75		
 ∗ 2.7	, = 4.725 MPa (even without taking into account the additional 30 mm 
granted according to subchapter 2.6.2). Also see Graph 5.4 to get a clearer view of this 
reasoning. 
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Graph 5.4  Comparing results of testing with the result from using the Eurocode5 calculation 
     method. 
 
5.3 Non-reinforced beams, height 360 millimeters 
When comparing the strength of the 360 mm high non-reinforced beams to the 270 mm high 
non-reinforced beams, no considerable differences can be seen. Other than in height (270 mm, 
360 mm) the beams look and behave in a very similar way just as expected. An analysis like 
that of the 270 mm non-reinforced beams have been carried out, though plotting stress values 
against support length in a number of displacement curves is deemed unnecessary as they 
would be very similar to those presented above, the difference being that the results of the 360 
mm high beams rely only a single beam per support length, thus showing less accuracy. For 
clarity, analysis of the comparison strength between the different non-reinforced beams is 
presented in subchapter 5.6. 
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5.4 Beams reinforced with screwed in plates 
 
Graph 5.5  Mean values of results for plate and screw reinforced beams. 120, 90 & 60 mm 
support lengths. 
Once again the results show that the length of the supports probably yields effect on 
compression strength. Though, definite conclusions about this being the sole reason for the 
effects seen are refrained from, as the tests differ in a number of ways. First and foremost, a 
different number of screws are used in the test setups. The 60 mm supports use fewer screws 
than the other two types, as the width of the used screw plates exceeds 60 mm. The plate itself 
is 80 mm wide and covers different percentage of the side of the supports, ranging from full 
coverage (for 60 mm support length) to 2 3⁄  (for the 120 mm support length). Furthermore, 
the plates cover different percentage of the beam height as well, as the height of the beams 
using 120 mm supports is 360 mm, while the other two setups use the beam height 270 mm. 
On a last note concerning uncertainties in these tests, some difficulty was found in getting the 
beams to perfectly lay on the supports without being slightly lifted by the screws as these 
were inserted. The distance varied between the start of the different tests, but were never more 
than 1 mm. 
The goal of performing these tests however, were to investigate the difference between using 
the reinforcement and not using it. In this perspective definite conclusions can be drawn, as 
the reinforced beams proved very effective at keeping the deformations down while 
increasing the total stiffness considerably, even at small deformations. As the point of design 
often involves keeping the deformations to a minimum, this reinforcement could prove very 
beneficial. The total compression strength is as a result of this also considerably high 
compared to the unreinforced beams. No results above 1.5 mm deformation were obtained for 
beams using 90 mm support lengths, as these buckled due to shear stress prior to deforming 
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further. Note that for these beams the plates of 80 mm covered almost the whole length of the 
support, while using the maximum number of screws. 
 
Graph 5.6  Deformation- /support length – controlled capacity graph for plate and screw 
reinforced beams with heights 270 mm (for support lengths 60 & 90 mm) and 360 mm 
(for support  length 120 mm), and widths 90 mm.  
It is of interest to investigate what part of the cross-section that generates this heightened 
capacity. One way of reasoning is presented below. 
5.4.1 Investigation of steel plate influence on heightened capacity 
Just as predicted the results from testing of the blocks reinforced with steel screws and thick 
plates show that the mid cracking behavior (naturally also along with the sideways 
deformation) is translocated upwards in the beam if held together completely by a plate. Note 
the elephant-foot-like deformation just above where the plates were located in Figure 3.54. 
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5.4.2 Force distribution when reinforcing beams with steel plates and screws 
As the results of the beams reinforced with screwed in steel plates shows, the reinforcement 
increase in load capacity is considerable. But what does the increase in capacity stem from? Is 
it the confinement of the cross section due to the plates that hold it together and thus prevent it 
from being able to collapse and deform vertically (much like in the results presented in 
chapter 4.14), or is the screws able to transmit the force through the plate down to the support 
and thus sparing the beam from excessive stress development? 
In order to determine the size of the forces inflicted to the screws, a model is assumed in 
which the deformations around the area of the plate leads to the assumption of this part of the 
cross-section behaving as a linear elastic material. With this in mind, about half of the screws 
are assumed to be fully active and taking maximum load. This is based on the observation in 
the test results that screws located near the support stayed in place without signs of 
deformation and thus assumed to move with the cross section as it deformed together with the 
plate, while screws located farther from the support were dislocated vertically, showing 
plastic deformation, and thus assumed to be subject to drag force through the plate. The 
screws proved to show this tendency more and more as the distance to the support increased, 
with drastic difference in plastic deformation between screws placed higher up, and screws 
placed closer to the support, as shown in subchapters 4.13 to 4.15 (pages 60 to 66). As the 
screw strain seems to change in a somewhat linear fashion with the height, it can instead be 
assumed that half of the screws are fully active, while the other half is not active at all. 
 
Figure 5.2  Sketch of line of thought concerning the change in compression stresses after  
     reinforcing with screwed in plates. 
To investigate how much of the force is transferred through the screws to the plate, the 
increase in loading capacity is divided by the number of presumed active screws, as presented 
in the tables below. If the ability of the plate to hold the cross section together horizontally is 
not of importance to the increase in compression capacity perpendicular to the grain, the 
conclusion must be that the screws themselves are able to carry the increased load, 
transferring it through the plate. The following equation is valid if the reinforcement carry 
load only vertically. The screws used in the tests are described in subchapter 3.2.2.1and have a 
capacity of at least 2 kN per screw, as shown in subchapter 4.16. 
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,= , ∗  + . ∗  
 with , = Capacity of one screw 
    =  Number of effective screws able to carry vertical load 
In this case, using the formula results in the three tables below. As no set of screws are 
exposed to greater force per screw than their capacity, the hypothesis of the plates ability to 
strengthen the cross section against compression perpendicular to the grain by holding it 
together horizontally is not confirmed. Instead the other hypothesis, of the screws being able 
to carry the extra load and transferring it through the plate, seems more likely. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.5 Non-reinforced beams, height 630 millimeters 
The compression strengths of the larger non-reinforced beams are considerably less compared 
to the smaller non-reinforced beams. Other than in height (270 mm and 360 mm compared to 
630 mm) the largest beams differ in width (115 mm instead of 90 mm) as previously 
mentioned. An analysis like that of previous non-reinforced beams have been carried out and 
is presented in the graph below, plotting stress values against support length in a number of 
displacement curves. 
 
 
Deformation  !"# $%!&"' ()*+"	!"# $%!&"' ∆ Increase in  
compression 
capacity 
Force per 
screw 
1    mm 3.73    MPa 6.44     MPa 2.71    MPa 14.634       kN 0.813       kN 
2    mm 5.84    MPa 10.10   MPa 4.26    MPa 23.000       kN 1.280       kN 
3    mm 6.71    MPa 12.35   MPa 5.64    MPa 30.456       kN 1.692       kN 
Table 5.1 Results from calculating forces acting on screws in plate reinforced beams with support lengths  
of 60 millimeters 
Deformation  !"# $%!&"' ()*+"	!"# $%!&"' ∆ Increase in  
compression 
capacity 
Force per 
screw 
1    mm 3.18    MPa 4.60     MPa 1.42    MPa 15.336       kN 0.730       kN 
2    mm 4.51    MPa 6.77     MPa 2.26    MPa 24.408       kN 1.162       kN 
Table 5.2 Results from calculating forces acting on screws in plate reinforced beams with support lengths  
of 90 millimeters 
Deformation  !"# $%!&"' ()*+"	!"# $%!&"' ∆ Increase in  
compression 
capacity 
Force per 
screw 
1    mm 3.15    MPa 6.20    MPa 3.05    MPa 24.705       kN 1.170       kN 
2    mm 4.64    MPa 9.70    MPa 5.06    MPa 40.986       kN 1.950       kN 
Table 5.3 Results from calculating forces acting on screws in plate reinforced beams with support lengths  
of 120 millimeters 
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Graph 5.7  Deformation /support length – controlled capacity graph for non-reinforced beams 
with heights of  630 mm  and widths of  115 mm. 
Analysis of the comparison between and the different non-reinforced beams are presented in 
subchapter 5.6 below.   
5.6 Comparison of differently sized non-reinforced beams 
As presented in the figure, the wider beams proved to show lesser stiffness than the less wide 
beams. The reason for this is uncertain. As discussed earlier in subchapter 2.2, the modulus of 
elasticity in the radial direction holds a noticeably higher stress limit compared to the 
tangential direction, while even less strength is achieved if loaded between the two extremes. 
Though, this explanation falls somewhat short in this case as the tested beams, despite of 
having different width, show a similar ratio between radial and tangential directions of the 
growth rings.  
Noted is that the thickness of the growth ring layers differ to a larger extent, though the 
density of the beams remain very similar to each other, why this would probably not explain 
the difference in stiffness behavior.  
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Figure 5.3  The differently sized beams still shows similar ratios between radial and tangential 
     directions of the growth rings. 
Also noted is that the height involved in measuring the deformation differs, as the measuring 
instruments were placed in the middle of each beam. Although the stress distribution is not 
constant over the whole cross section, i.e. more of the deformation will be included in the 
measurement of the larger beams, this difference is slight and previously presumed negligible. 
Because of this the difference in stiffness behavior is probably not solely explained by the 
difference in height involved in measuring.  
A finial possible explanation could be the difference in the material used as supports. For the 
larger beams the timber supports (with the grain faced parallel to the force) were exchanged 
for metal, due to avoiding cracking of the supports under high stresses. When looking at the 
results from block testing, where metal was also used as underlying material, the same 
behavior of the stiffness can be observed, both for the less wide 	90 ∗ 90 ∗ 135	// blocks 
and the wider 	115 ∗ 115 ∗ 135	// ones. Some mechanism involving this change in 
underlying material could therefore explain the difference in stiffness behavior of the beams. 
To come closer towards establishing this hypothesis, testing of 90 mm wide beams using steel 
supports could be tested in order to investigate if the stiffness keep showing the same 
behavior as described above or not. 
From viewing the result of the comparisons below though the height of the beam in does not 
seem to invoke a difference in compression strength. If plotted with strain instead of 
deformation a different ratio can of course be obtained, although the results still lack clear 
evidence of height being the main factor in stiffness behavior. 
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Graph 5.8  Comparison of results from differently sized non-reinforced beams on 60 mm supports. 
 
Graph 5.9  Comparison of results from differently sized non-reinforced beams on 90 mm supports. 
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Graph 5.10  Comparison of results from differently sized non-reinforced beams on 120 mm  
     supports. 
5.7 Wooden rod reinforced beams 
As described in subchapter 1.3, the longitudinal distance between the rods are 30 mm. The 
consequence of this is that beams using different support lengths also differentiate in rod 
covered surface area. With 60 mm support length, the surface area covered by the rods is 8.2 
%, while at 90 millimeter supports it is 11 %, and at 120 millimeter supports the rods cover an 
area of 12.3 %. Because of this the comparison of support length effects using this type of 
reinforcement becomes somewhat unmeaning, just as in the previous section. However, 
results are obtained of non-reinforced beams of the same size as the wooden rod reinforced 
ones, and by using these, an analysis can be carried out investigating the effects of support 
length. Also, a comparison between using the reinforcement and not using the reinforcement 
is again possible. 
As viewed in Graph 5.11, the composite effect of timber beams and wooden rods seems to be 
working well; the activation of the rods and the beam is indistinguishable in the results as no 
anomaly can be seen when viewing the graphs. Generally we can identify a number of 
beneficial properties of the wooden rod reinforcement. The manufacturing of the finished 
beams are relatively easy as the rods can be inserted to the desired depth and then cut 
precisely in plane with the beam. The beneficial effect of this when subject to stress is the 
mentioned interaction between the rods and the beam. Furthermore this reinforcement does 
not obstruct from using other types of reinforcement in any major way, such as anchoring 
plates with screws or nails. 
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Graph 5.11 Mean results of 115 mm wide, 630 mm high, and 2500 mm long beams reinforced with 
wooden rods. The crosshatched line represent beams with support lengths of 60 mm 
using 2 wooden rods with 19 mm in diameter and a height of 400 mm. The dotted line 
represent beams using 90 mm supports and 4 rods, while the continuous line 
represents beams with support lengths of 120 mm using 6 rods. 
 
Even with the greater percentage in rod covered surface, the effect of using longer supports 
may decrease the compression strength more. The results are seemingly ambiguous 
concerning this though. Comparing the results of beams with 90 mm supports (4 rods, 
covering 11 % of the support area) with the beams using 120 mm supports (6 rods, covering 
12,3 % of the support area), it could be reasoned that the decrease in compression strength 
from using the longer support is overturned by the increase in reinforcement, and vice versa. 
This would explain the similarity of the results from 90 mm and 120 mm. On the other hand, 
the same cannot be observed when comparing the mean results of beams with 60 mm support 
lengths and 90 mm supports. As previously discussed, the difference in increase between 60 
mm supports and 90 mm supports are considerably greater than the difference between 90 mm 
and 120 mm. Because of this it could be reasoned that the results from the reinforced beams 
should show a similar relation concerning the overturning of strength due to reinforcement. 
With reference to Graph 5.11 however, this is not the case. The shorter supports (60 mm, 2 
rods covering 8,2 %) does not seem to overturn the longer but more reinforced beams (of 90 
mm support lengths with 4 rods covering 11%). This could be explained by a number of 
factors, the greater difference of reinforced surface area between 60-90 mm supports and 90-
120 mm supports (3,2 % compared to 1.3 %), or a consequence of difference in distance from 
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load point to the point of crack development in the end of the beam. Further investigation of 
this is recommended, as noted in chapter 8. 
The total compression strength is considerably high compared to the non-reinforced beams, 
especially when allowing for greater deformation. Observe the differences in Graph 5.12 and 
Graph 5.7 (page 79). 
 
Graph 5.12  Deformation / support length – controlled capacity graph for wooden rod reinforced
     beams with heights of  630 mm  and widths of  115 mm. 
5.8 Threaded steel rod reinforced beams 
As when discussing the wood rod reinforced beams above, the threaded steel rods are placed 
at a distance of 30 mm from each other in the longitudinal direction. The consequence of this 
is again that beams using different support lengths also differentiate in rod covered surface 
area. The surface area of 60 mm supports are now covered by 3.3 % threaded steel rods, while 
90 millimeter supports are covered by 4,4 %, and at 120 millimeter supports the rods cover an 
area of 4.9 %. Because of this the comparison of support length effects again becomes 
somewhat unmeaning when looking at the results from testing of this type of reinforcement. 
However, just as in the previous subchapter, results are obtained of non-reinforced beams of 
the same size as the threaded steel rod reinforced ones, and by using these, an analysis can be 
carried out investigating the effects of support length. A comparison between using the 
reinforcement and not using the reinforcement is still possible. 
Compared to the wooden rod reinforcement, the steel does not interact as effectively with the 
timber beam. Anomalies from an otherwise smooth curve are seen in Graph 5.13. This is with 
all probability due to the different depth of which the rods are inserted into the beam in 
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production, referring to subchapter 3.2.4. The composite effect of the rods and the beam are 
active during the first stage of loading, but as the beam deforms and the steel rods level with 
the support, the rods instead become fully active and are almost completely single handily 
carrying the load. 
Generally we can identify a number of both beneficial and disadvantageous properties of the 
threaded steel rod reinforcement. The manufacturing of the finished beams seems relatively 
challenging as the rods must be inserted exactly to the desired depth with little to no 
possibility of adjusting the depth after the glue has hardened without adjusting the dimensions 
of the beam itself. The disadvantageous effect of this when subject to stress is that the 
mentioned interaction between the rods and the beam fails to perform effectively after a 
certain deformation, on beforehand challenging to predict. Furthermore, this reinforcement 
could possibly obstruct from using other types of reinforcements, such as anchoring plates 
with long screws or nails, as the nails would have to be carefully inserted to make sure they 
are not obstructed by the threaded steel rods. 
One of the beneficial effect of using this reinforcement is of course a very high maximum 
compression strength, but as this occur after substantial deformation are already in place, it 
can be discussed if this has any implementation when designing a construction. Another 
beneficial effect is the heightened initial stiffness of a reinforced beam compared to a non-
reinforced beam. 
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Graph 5.13  Mean results of 115 mm wide, 630 mm high, and 2500 mm long beams reinforced 
with threaded steel rods. The crosshatched line represents beams with support 
lengths of 60 mm using 2 rods with 12 mm in diameter and a height of 400 mm.  
 The dotted line represents beams using 90 mm supports and 4 rods, while the 
continuous line represents beams with support lengths of 120 mm using 6 rods. 
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Analyzing Graph 5.13, the first part of the curves (meaning up till the first knee) represent 
when the timber are carrying the load with help of transferring it to the steel rods. During the 
next part of the plot (meaning from the first knee up till the second drastic slope variation) the 
timber beam reaches its maximum stress capacity and eventually cracks and stops carrying 
load. After this, i.e. during the finial part of the curve, the steel becomes fully active, carrying 
all of the load, while the remaining timber helps to stabilize the rods horizontally so that they 
do not buckle. Finally the even the rods fail and the test is over.  
 
Graph 5.14  Deformation / support length – controlled capacity graph  for non-reinforced beams 
    with heights of  630 mm  and widths of  115 mm. Compare the results from existing 
    calculation methods of glued in screws( Colling,Ruhe & Bejtka) with the results of 
    analyzed tests for threaded steel rods. 
Comparing the results from the calculation methods of glued in screws described in 
subchapter 2.5 (Colling, Ruhe & Bejtka) with those from the analyzed tests, clear differences 
are obtained depending of the amount of allowed deformation. Of course some of the 
differences may very well depend on the fact that the calculation methods require screws to be 
used (in contrast to threaded steel rods) and certain edge distances not used in our tests, but 
even so, the principal shape of the curves, i.e. the way of which the effect of support lengths 
are taken into account, clearly differ. 
5.9 Comparison of beams with 60 mm supports, height 270 millimeters 
Comparing all beams of height 270 mm and support lengths of 60 mm, it is clear that the 
beams reinforced with screwed in plates have a considerably greater compression strength 
perpendicular to the grain. As stated previously, this is assumed to be a consequence of the 
screws ability to carry load and transferring it down to the support via the plates. 
0
2
4
6
8
10
12
14
16
18
20
40 60 80 100 120 140
Stress 
(MPa) 
Support length (mm) 
fc,90,beam - Threaded steel rod reinforced beams  
2 mm
3 mm
4 mm
5 mm
6 mm
7 mm
Collin
Ruhe & Bejtka
g 
87 
 
 
Graph 5.15  Stress plotted against displacement, 60 mm support lengths. 
Also note the difference in stiffness behavior when comparing the results from block tests 
with the results from beam tests. As discussed in section 5.6, one possible reason for this 
behavior is the difference in underlying material when performing the tests (metal when 
testing the cube, timber where the force were faced parallel to the grain when testing the 
beams). The differences in stresses at certain deformation levels are also presented in the table 
below. Using the screwed in steel plate reinforcement grants approximately 70 % increase in 
strength compared to not using it. 
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Comparison of beams with 60 mm supports, 90 mm wide 
Plate and screw
Non-reinforced
Block 90 x 90
Specimen Deformation  
Type Quantity 1 mm 2 mm 3 mm 
Non-reinforced beam 12    
   ̶  Stress  (MPa)  3.75 5.84 6.71 
   ̶  Stress increase (%)  - - - 
Steel plate and screws 10    
   ̶  Stress (MPa)  6.44 10.10 12.34 
   ̶  Stress increase (%)  72 73 84 
Block 90 x 90 mm 3    
   ̶  Stress (MPa)  1.25 2.41 2.88 
   ̶  Stress increase (%)  -67 -59 -57 
Table 5.4 Comparison of results from testing beams with 60 mm supports,        
    height 270 mm and width 90 mm. 
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5.10 Comparison of beams with 90 mm supports, height 270 millimeters 
Other than the difference in support lengths, the reinforced beams presented below differ in 
the aspect of number of screws used compared to those presented in the previous subchapter. 
The reason for this is more thoroughly described in sections 1.3  and 5.4. Also note that the 
difference in plate coverage, seeing as all plates were identical (2.5 mm thick, 80 mm wide 
and 240 mm high) independent of support length. In all other aspects the comparison below is 
the same as the one above. It is once again clear that the beams reinforced with screwed in 
plates have a considerably greater compression strength perpendicular to the grain compared 
to the non-reinforced beams. 
 
Graph 5.16  Stress plotted against displacement, 90 mm support lengths. 
The differences in stresses at certain deformation levels are also presented in the table below. 
Using the screwed in steel plate reinforcement on 90 mm supports grants approximately an 95 
% increase in strength compared to not using it. The difference from the increase presented in 
the previous subchapter (using 60 mm supports and obtaining a strength increase of 
approximately 70 %) could be explained by the difference in number of screws (21 compared 
to 15).  
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5.11 Comparison of beams with 120 mm supports, height 360 millimeters 
In all aspects other than in support length and plate coverage, the comparison below is the 
same as the one above (seeing as height does not affect compression strength, as previously 
discussed). It is once again clear that the beams reinforced with screwed in plates have a 
considerably greater compression strength perpendicular to the grain compared to the non-
reinforced beams.  
 
Graph 5.17  Stress plotted against displacement, 120 mm support lengths. 
The difference in stresses at certain deformation levels are also presented in the table below. 
Using the screwed in steel plate reinforcement on 120 mm supports grants approximately an 
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Comparison of beams with 120 mm supports, 90 mm wide 
Plate and screw
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Block 90 x 90
Specimen Deformation  
Type Quantity 1 mm 2 mm 3 mm 
Non-reinforced beam 12    
   ̶  Stress  (MPa)  3.15 4.64 5.33 
   ̶  Stress increase (%)  - - - 
Steel plate and screws 8    
   ̶  Stress (MPa)  6.20 9.07 - 
   ̶  Stress increase (%)  97 95 - 
Block 90 x 90 mm 3    
   ̶  Stress (MPa)  1.25 2.41 2.88 
   ̶  Stress increase (%)  -60 -48 -46 
Table 5.5 Comparison of results from testing beams with 90 mm supports,        
    height 270 mm and width 90 mm. 
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50 % increase in strength compared to not using it. The difference from the increase presented 
in the previous subchapter (using 90 mm supports and obtaining a strength increase of 
approximately 95 %) could be explained by the difference in plate coverage, seeing as the 
plates covered less of the support length when testing 120 mm supports (67 % compared  
to 89 %). 
 
5.12 Comparison of beams with 60 mm supports, height 630 millimeters 
 
 
Graph 5.18  Stress plotted against displacement, 60 mm support lengths. 
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Block 115 x 115
Specimen Deformation  
Type Quantity 1 mm 2 mm 3 mm 
Non-reinforced beam 8    
   ̶  Stress  (MPa)  3.10 4.50 5.06 
   ̶  Stress increase (%)  - - - 
Steel plate and screws 8    
   ̶  Stress (MPa)  4.60 6.77 7.96 
   ̶  Stress increase (%)  48 50 57 
Block 90 x 90 mm 3    
   ̶  Stress (MPa)  1.25 2.41 2.88 
   ̶  Stress increase (%)  -60 -46 -43 
Table 5.6 Comparison of results from testing beams with 120 mm supports, height 270 mm and  
    width 90 mm 
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Reinforcing with wooden rods yields greater compression strength perpendicular to the grain 
up till 4 mm deformation, compared to the other two type of beams tested. The interaction of 
the rods and the timber beam seem to work better compared to the threaded steel rod 
reinforcement, as previously discussed in this chapter. The threaded steel rod reinforcement 
improves the compression strength in a similar manner up until approximately 2 mm 
deformation, though the interaction fails to perform as well as the wood rod reinforcement 
when deformed further. On the other hand the steel rods are able to carry a much greater 
maximum load, but only at major deformation. 
An important note is that the non-reinforced beam and the block shows similar stiffness 
behavior, unlike the case of the smaller beams previously discussed. The difference is that in 
this case both the blocks and the beams were tested on metal supports, while in the case of 
smaller beams and blocks, the beams where tested on timber supports, showing a very 
different type of stiffness behavior from the blocks that were tested on metal supports. This 
indicate that the underlying material could have something to do with stiffness behavior, as 
also suggested in 5.6, although any definite conclusions concerning this would be uncertain 
without further investigation.  
Only viewing Graph 5.18 the difference in compression strength and stiffness seems similar 
up till 0.5 mm when comparing the four mean results. Though, this is just a consequence of 
resolution. In reality the difference is notable even at very small deformation, as made clearer 
in Error! Reference source not found. below. 
 
Specimen Deformation  
Type Quantity 1 mm 2 mm 3 mm 4 mm 5 mm 6 mm 7 mm 
Non-reinforced beam 4        
 ̶  Stress (MPa)  1.10 3.00 4.67 5.73 6.34 6.79 7.09 
 ̶  Stress increase (%)  - - - - - - - 
Steel rods 4        
 ̶  Stress (MPa)  1.79 5.77 8.27 9.87 12.46 15.80 18.28 
 ̶  Stress increase (%)  63  92  77  72  97  133  158 
Wooden rods 4        
 ̶  Stress (MPa)  1.91 5.96 9.08 10.67 11.54 12.03 12.32 
 ̶  Stress increase (%)  74  99  94  86  82  77  74  
Block 115 x 115 3        
 ̶  Stress (MPa)  0.88 2.14 2.94 3.31 3.50 - - 
 ̶  Stress increase (%)  -20  -29  -37  -58  -55  - - 
Table 5.7 Comparison of results from testing beams with 60 mm supports, height 630 mm and width 
    115 mm. 
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5.13 Comparison of beams with 90 mm supports, height 630 millimeters 
 
Graph 5.19  Stress plotted against displacement, 90 mm support lengths. 
Viewing Graph 5.19 above, describing the comparison of results from large beams tested on 
90 mm support lengths, reinforcing with wood rods once again yields greater compression 
strength perpendicular to the grain, this time up till as much as 5 mm deformation, compared 
to the other two type of beams tested. Just as with 60 mm supports the interaction of the rods 
and the timber beam seem to work better compared to the threaded steel rod reinforcement. 
The threaded steel rod reinforcement improves the compression strength in a similar manner 
up until approximately 1 mm deformation, but the interaction fails to perform as well as the 
wood rod reinforcement when deformed further. On the other hand the steel rods are able to 
carry a much greater maximum load, but only at major deformation. The differences in 
stiffness and compression strength are again also notable even at very small deformations, as 
made clearer in Error! Reference source not found. on the next page. 
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Once again the difference of performing tests on metal supports compared to timber supports 
are indicated by viewing the results of block tests and non-reinforced beam tests, both being 
tested on metal supports and showing a very similar type of stiffness behavior. Also note the 
seemingly low compression strength of the non-reinforced beams, almost tangential to the 
results of the block tests. Compared to the results presented for 60 mm supports, the results of 
non-reinforced beams using 90 (and 120) mm supports are closer to that of the blocks. In part 
this is explained by the increase in difference between compression strength of non-reinforced 
beams using 60 mm and 90 mm to those between 90 and 120 mm, but not fully. Possibly the 
remaining part of the explanation is that the 45 degree angle between the support and loaded 
surface, believed to make sure the load would not spread directly down to the support, is not 
enough to fulfill its purpose and that in fact the load in part was spreading directly to the 
support through the beam. 
 
Figure 5.4  Sketch of load spreading through beams of different height, possibly not following  
     the hypothesis of 45 degrees. 
Specimen Deformation  
Type Quantity 1 mm 2 mm 3 mm 4 mm 5 mm 6 mm 7 mm 
Non-reinforced beam 4        
 ̶  Stress (MPa)  0.79 2.22 3.58 4.57 5.20 5.58 5.86 
 ̶  Stress increase (%)  - - - - - - - 
Steel rods 4        
 ̶  Stress (MPa)  1.93 5.71 8.06 10.44 13.19 16.63 19.21 
 ̶  Stress increase (%)  144  157  125  128  154  198  228 
Wooden rods 4        
 ̶  Stress (MPa)  2.10 6.69 10.85 12.55 13.16 13.42 13.46 
 ̶  Stress increase (%)  166  201  203  175  153  141  130  
Block 115 x 115 3        
 ̶  Stress (MPa)  0.88 2.14 2.94 3.31 3.50 - - 
 ̶  Stress increase (%)  11  -4  -18  -27  -33  - - 
Table 5.8 Comparison of results from testing beams with 90 mm supports, height 630 mm and width 
    155 mm. 
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5.14 Comparison of beams with 120 mm supports, height 630 millimeters 
 
Graph 5.20  Stress plotted against displacement, 120 mm support lengths. 
Viewing Graph 5.20 above, describing the comparison of results from large beams tested on 
120 mm support lengths, reinforcing with wood rods once again yields greater compression 
strength perpendicular to the grain, also this time up till as much as 5 mm deformation, 
compared to the other two type of beams tested. Just as with 60and 90 mm supports the 
interaction of the rods and the timber beam seem to work better compared to the threaded 
steel rod reinforcement. The threaded steel rod reinforcement improves the compression 
strength in a similar manner up until approximately 0.5 mm deformation, but the interaction 
fails to perform as well as the wood rod reinforcement when deformed further. On the other 
hand the steel rods are also here able to carry a much greater maximum load, but only at major 
deformation, just as with 60 and 90 mm supports. The differences in stiffness and 
compression strength are notable even at very small deformation, as made clearer in Error! 
Reference source not found. on next page. 
Just as stated above, the difference of performing tests on metal supports compared to timber 
supports are indicated by viewing the results of block tests and non-reinforced beam tests, 
both being tested on metal supports and showing a very similar type of stiffness behavior. 
About the seemingly low compression strength of the non-reinforced beams, almost tangential 
to the results of the block tests, please refer to the corresponding paragraph in the previous 
subchapter. 
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Specimen Deformation  
Type Quantity 1 mm 2 mm 3 mm 4 mm 5 mm 6 mm 7 mm 
Non-reinforced beam 4        
 ̶  Stress (MPa)  0.80 2.21 3.43 4.23 4.76 6.06 5.28 
 ̶  Stress increase (%)  - - - - - - - 
Steel rods 2        
 ̶  Stress (MPa)  1.31 4.20 6.54 8.94 12.67 16.54 - 
 ̶  Stress increase (%)  64  90  91  111  166  173  - 
Wooden rods 4        
 ̶  Stress (MPa)  1.85 6.32 10.53 12.43 13.11 13.32 13.14 
 ̶  Stress increase (%)  131  186  207  194  175  120  149  
Block 115 x 115 3        
 ̶  Stress (MPa)  0.88 2.14 2.94 3.31 3.50 - - 
 ̶  Stress increase (%)  10  -3  -14  -22  -26  - - 
Table 5.9 Comparison of results from testing beams with 90 mm supports, height 630 mm and width   
    155 mm. 
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6 Suggestion of new method for determining fc,90 
6.1 Reasoning 
Determining the ultimate limit load for timber compressed perpendicular to the grain using 
the current standard could in some cases give relatively unrealistic results. As an example of 
this, imagine a beam mainly subject to load eccentrically placed above the support. Using the 
current standard no additional strength other than that of the characteristic timber strength 
perpendicular to the grain is granted, i.e. the load spreading effect is not taken into account. 
The current standard also differentiate greatly between support lengths just above and just 
below 400 millimeter, while with basis on the results in this thesis a more nuanced take on 
support length effects is recommend. The risk of using the current standard is that the 
compression strength could be overrated when using support lengths between 100 and 400 
millimeters, and underrated when using shorter supports. 
Based on the test results presented in chapter 3 of this report, graphs describing the strength at 
different deformation stages and support lengths are produced. Using these, a proposal of a 
new method for determining the strength of timber when compressed perpendicular to the 
grain is put forward. We consider the advantages of our method being that the design 
procedure becomes more comprehensive by execution and by a more nuanced take on the 
effects of support lengths, as well as staying true to the behavior of the load spreading effect 
(demonstrated both herein and in previous studies).  
The following subchapter describes our proposed method for determining , in a way we 
think reflects the capacity of timber to withstand compression perpendicular to the grain. 
When using the method, it is assumed that loads acting directly above and within a 45 degree 
angle from a support meets the same timber compression strength as that of a cube, just as 
discussed and declared in chapters 2 and 3. Though, loads acting outside of a 45 degree angle 
from the support are assumed more favorable, as the results in chapter 3 point to an increase 
in capacity under these conditions. 
6.2 Result: Suggestion of new method for determining  fc,90 
The following subchapter describes a new method and calculation model of compression 
strength perpendicular to the grain. Based on the experiments and tests performed in this 
thesis, it is our assessment that this method yields results closer to the actual behavior of glue 
laminated timber beams compared to those of the current method as described in the European 
standard, Eurocode.  
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Figure 6.1  Principal thought when determining 01	23 versus 456	23 
7,,89	:; + 7,,<=>	:; ≤ ,,?@A 
 with 7,,89	:;  =  
BCD,EF,GHIJCD,EF,K L∗	MD,EF,NO	PQ
R  
   7,,<=>	:; =  MD,EF,STU	PQR  
    where  ,,89	:;  =  Force within the 45 degree angle from the  
               support,  according to Figure 6.1 
        ,,?@A  =  Specific beam situation strength in compression
               according to Graphs Graph 6.1 to Graph 6.5 
        ,,<=>	:; =   Force outside the 45 degree angle from the  
               support, according Figure 6.1 
             =   Area of support 
,,?@A =  Specific beam situation strength in compression 
  according to Graphs Graph 6.1 to Graph 6.5 
 
 
 
45623   0123         45623 
part L1   L0          part L1 
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Graph 6.1  Deformation / support length – controlled capacity graph for non-reinforced beams with
    widths of 90 mm (or fc,90,beam – 90 mm width). 
 
 
Graph 6.2  Deformation / support length – controlled capacity graph for non-reinforced beams with
    widths of 115 mm (or fc,90,beam – 115 mm width). 
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Graph 6.3  Deformation / support length – controlled capacity graph for wooden rod reinforced 
    beams with widths of 115 mm (or fc,90,beam – wooden rods, 115 mm width). 
 
 
Graph 6.4  Deformation / support length – controlled capacity graph for threaded steel rod   
    reinforced beams with widths of 115 mm (or fc,90,beam – steel rods, 115 mm width). 
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Graph 6.5 Deformation / support length – controlled capacity graph for screwed in plate reinforced
    beams with widths of 90 mm (or fc,90,beam – screwed in plate, 90 mm width).  
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6.3 Calculation example 
A calculation example using the proposed method of determining compression strength 
perpendicular to the grain is presented below. The conditions used in the example are the 
following: 
• Length of beam:     10  m 
• Height of beam:     500  mm 
• Width of beam:      100  mm 
• Length of each (2) support:  100  mm 
• Uniformly distributed load:  5  kN/m 
 
 
 
 
 
 
Figure 6.2  Sketch of ½beam used in calculation example of proposed method for determining 
     the compression strength of timber perpendicular to the grain.  
V  	100	 W 	500	  	600	//  0.6	/	
⇒ ,,89	:;  5	 ∗ 0.6  3	
Z 
V[ 	 	 102 	– 	0.6	  	4.4	/ 
⇒ ,,<=>	:;  	5	 ∗ 	4.4	  	22	
Z 
7,,89	:;  2 ∗	,,89	:; 
2 ∗ 3 ∗ 10]
	100 ∗ 100  0.6	^_` 
7,,<=>	:;  ,,<=>	:; 
22 ∗ 10]
	100 ∗ 100  1.7	^_` 
,,a  4.5	^_`according to figure 5.2 at 2 mm deformation 
7,,89	:; + 7,,<=>	:; ≤ ,,a ⇒ 0.6 W 1.7 b 4.5  OK 
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7 Conclusions 
According to the tests carried out as presented in this rapport, support length are of 
importance when determining timber compression strength perpendicular to the grain. Shorter 
supports generally yield a greater compression strength.  
• At 2 to 3 millimeter deformation, non-reinforced beams on 
60 mm supports yields a 142–133 %  increase compared to blocks of the same timber. 
90 mm supports yields a   93 – 85 %  increase compared to blocks of the same timber. 
120 mm supports yields a 87 – 76 %  increase compared to blocks of the same timber. 
 
• Threaded steel rod reinforced beams compared to non-reinforced beams, at 2 to 3 
millimeter deformation on 
60 mm supports yields a      63 – 158 % increase. 
90 mm supports yields a  125 – 228 % increase. 
120 mm supports yields a   64 – 173 % increase. 
 
• Wood rod reinforced beams compared to non-reinforced beams on 
60 mm supports yields a     74 – 99 % increase. 
90 mm supports yields a   153–203 % increase. 
120 mm supports yields a 120–207 % increase. 
 
• Plate and screw reinforced beams compared to non-reinforced beams on 
60 mm supports yields a 72–84 % increase. 
90 mm supports yields a 95–97 % increase. 
120 mm supports yields a 48–57 % increase. 
 
Based on the results presented, a new method of determining the compression strength of 
timber is put forward (see previous chapter). The aim of the method is to take a more direct 
stance to load spreading effects and effects of possible reinforcements.  
The method does not, however, take into consideration early stiffness behavior differences – 
in the results shown in this report related to specimen width. Wider specimens investigated in 
this report show a tendency of lesser stiffness than less wide specimens, a result that may very 
well have its explanation in other factors than specimen width. One such possible factor could 
be underlying material, as all non-reinforced specimens showing this tendency used metal 
supports, while non-reinforced specimens not showing this stiffness behavior used wooden 
supports. 
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8 Suggestion of further studies 
8.1 Steel plate reinforcement using different setup of screws 
The tests of plate and screw-reinforced beams resulted in vast increase in the compression 
strength perpendicular to the grain. But in what way exactly the plates help in taking load is 
not fully determined in this rapport. One possible way of better getting to understand how the 
plates and screws behave and interact with the timber in this situation, is to perform tests in 
which only the first two screw hole rows are fastened and then compare the results with tests 
in which only the last two rows are fastened (like illustrated in figure 8.1). That way it can be 
determined if the plate holding together the cross-section plays an important role in the 
strengthening, or even if it plays a part at all. A possible test setup for this could look like in 
the illustration below, using very common materials.  
 
Figure 8.1 Possible test setup for determining plate interference with compression strength. 
8.2 Investigation of support lengths with 60 > L > 120 mm 
In order to determine the compression strength perpendicular to the grain using short support 
lengths, we choose to use deformation plot intervals for 60, 90 and 120 mm long supports. To 
obtain a clear view of the compression strength, testing of even shorter supports as well as 
longer supports is of interest. Successful tests using shorter supports would reveal where the 
maximum value of compression strength lies, while tests using longer supports would show 
when a factor for increasing compression strength no longer would be justifiable.  
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Figure 8.2 Support lengths still needed to be tested in order to fully determine the compression 
     capacity: 60 mm < L < 120 mm.  
8.3 Possible solution to overcome load distribution problems above 
supports 
As seen in this rapport, using more stiff supports show some tendencies of reducing the 
compression strength perpendicular to the grain. Testing of 90 mm wide beams using steel 
supports could possibly shed light to if this hypothesis is correct or not. If it is indeed the case, 
one explanation for it could be the sharp edge of the support cutting into the test specimen, 
splitting the outer fibers and thereby possibly reducing the load spreading effect. Even if such 
an effect does not result in reducing the strength considerably, it is still an observation that all 
test specimens in this rapport were cut by the supports, more or less, and something worth 
looking into more as it may very well effect other areas of consideration when constructing 
with timber. 
One possibility of getting around this happening at all though (and as such possibly increase 
the compression strength of timber beams altogether), could be to insert a timber block with 
its grain parallel to the force acting on the beam, into the lower part of the beam edge. The 
block, compressed parallel to the grain and therefore much stronger, should be a bit longer 
than the support in order to spread the load past the point where the support would otherwise 
cut the fibers. 
The opportunity then also arises to combine this type of reinforcement with other types, such 
as using wooden rods much like described in this rapport. One positive effect of this would be 
that it is then possible to place sets of rods further in, closer to the middle of the beam, 
allowing these to act against the forces otherwise cutting into the beam underside. This would 
also reduce the risk of splinting the timber in the beam ends, as the horizontal forces arising 
would be handled more effectively.  
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Figure 8.3 Sketch of how to place timber blocks with its grain parallel to the force acting on the 
    beam, thus eliminating the risk of the support cutting into the beam, and also granting the
    possibility of increasing the compression strength of the beam altogether. 
8.4 Further investigation of wooden rod reinforced beam behavior 
As discussed in this rapport, when testing non-reinforced beams, the difference in increase 
between 60 mm supports and 90 mm supports are considerably greater than the difference 
between 90 mm and 120 mm. Because of this it could be reasoned that the results from the 
reinforced beams should show a similar relation concerning the overturning of strength due to 
reinforcement. However, as shown in the analysis chapter (chapter 5) this is not the case. The 
strength of the beams on shorter supports (60 mm, 2 rods covering 8,2 % of the surface above 
the support) does not seem to overturn the longer supported but more reinforced beams (90 
mm support lengths with 4 rods covering 11%). This could be explained by a number of 
factors: the greater difference of reinforced surface area between 60-90 mm supports and 90-
120 mm supports (3,2 % compared to 1.3 %), or a consequence of the difference in distance 
from load point to the point of crack development in the end of the beam. Further 
investigation of this is recommended. 
8.5 Further studies to validate results 
To statistically validate all results from the laboratory testing in this rapport, further studies 
should be carried out, using similar test-setups and testing a larger amount of each case beam. 
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Appendix I – Beam data 
Collected data for each beam used in the laboratory tests are presented in full below. The 
numbering system used is based on 4 values following the structure  XX-YYY-Z; given 
according to beam number (X = 1 to 40), support length used (Y= 60, 90 or 120 millimeter), 
and reinforcement used (Z = 0 for non-reinforced, P for steel plates, T for glued in wooden 
rods, and S for glued in threaded steel rods). Reasons for missing entries are explained in the 
main report. 
BEAM NUMBER 1-60-0 2-60-0 3-60-0 4-120-0 5-120-0 6-120-0 Unit 
MEASURED DATA         
Width Above Left end 89  89 88 88 88   
Width Above Right end 89  88 88 89 89   
Width Below Left end 88  88 89 88 89   
Width Below Right end 89  88 89 88 89   
Width 88.75  88.25 88.5 88.25 88.75 mm 
Length Above 1599  1597 1598 1598 1598   
Length Below 1598  1599 1597 1598 1598.5   
Length 1598.5  1598 1597.5 1598 1598.25 mm 
Height Left end 266  268 266 266 267   
Height Right end 265  266 266 267 266   
Height 265.5  267 266 266.5 266.5 mm 
         
Volume 0.03762  0.03765 0.03761 0.03758 0.03780 m3 
         
Weight 16.815  17.1416 16.848 17.938 16.697 kg 
         
Density 446.93  462.6 448.0 477.3 441.7 kg/m3 
         
Moist 8.7  
13.4 11.6 
8.6   yta 
10.4 10.8 
11.0 10.5 
13.6 12.9 
11.2 11.9 
11.0 11.2 
12.0 11.5 kg/kg 
 
BEAM NUMBER 7-90-0 8-90-0 9-90-0 10-60-0 11-60-0 12-60-0 Unit 
MEASURED DATA         
Width Above Left end 88 88 89 89 88 89   
Width Above Right end 88 88 88 89 88 88   
Width Below Left end 89 89 88 88 88 88   
Width Below Right end 88 89 88 88 88 88   
Width 88.25 88.5 88.25 88.5 88 88.25 mm 
Lengh Above 1597 1598 1597 1597 1597 1596   
Length Below 1596 1596 1597 1597 1597 1596   
Length 1596.5 1597 1597 1597 1597 1596 mm 
Height Left end 267 267 267 266 266 266   
Height Right end 267 267 267 266 267 267   
Height 267 267 267 266 266.5 266.5 mm 
         
Volume 0.03762 0.03774 0.03763 0.03759 0.03745 0.03754 m3 
         
Weight 17.069 17.551 16.942 17.118 17.188  kg 
         
Density 453.7 465.1 450.2 455.3 458.9  kg/m3 
         
Moist 
10.9 10.5 
12.4 12.4  
12.1 11.6 
11.4 10.9 
10.3 10.6 
11.6 10.8 
11.0 11.9 
11.4 11.6 
11.8 11.4 
11.4 12.0 
12.4 12.6 
12.6 11.8 kg/kg 
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BEAM NUMBER 13-120-0 14-90-0 15-60-0 16-60-P 17-60-P 18-90-P Unit 
MEASURED DATA         
Width Above Left end 89 89 89 88 89 89   
Width Above Right end 89 90 89 89 89 88   
Width Below Left end 89 89 88 88 89 89   
Width Below Right end 89 88 88 89 89 89   
Width 89 89 88.5 88.5 89 88.75 mm 
Lengh Above 1598 1599 1596 1596 1597 1596   
Length Below 1596 1597 1597 1596 1598 1597   
Lengh 1597 1598 1596.5 1596 1597.5 1596.5 mm 
Height Left end 357 357 357 267 267 267   
Height Right end 357 356,5 356 267 267 267   
Height 357 356.75 356.5 267 267 267 mm 
         
Volume 0.05074 0.05738 0.05037 0.03771 0.03796 0.03784 m3 
         
Weight 23.912 24.376 24.236 16.539 18.15 17.242 kg 
         
Density 471.3 424.8 481.0 438.6 478.6 455.6 kg/m3 
         
Moist 
9.3 9.2  
9.3 9.1 
9.5 9.8 
10.0 9.7 
9.5   9.6    
9.9 10.4     kg/kg 
 
 
BEAM NUMBER 19-90-P 20-60-P 21-60-P 22-90-P 23-60-P 24-120-P Unit 
MEASURED DATA         
Width Above Left end 89 89 89 89 89 89   
Width Above Right end 89 89 89 89 89 88   
Width Below Left end 88 89 89 89 89 89   
Width Below Right end 89 89 89 89 89 89   
Width 88.75 89 89 89 89 88.75 mm 
Lengh Above 1596 1597 1596 1597 1597 1597   
Length Below 1598 1596 1597 1597 1596 1597   
Lengh 1597 1596.5 1596.5 1597 1596.5 1597 mm 
Height Left end 268 267 267 269 267 358   
Height Right end 266 266 267 268 266 357   
Height 267 266.5 267 268.5 266.5 357.5 mm 
         
Volume 0.03784 0.03787 0.03794 0.03816 0.03786 0.05038 m3 
         
Weight 17.468 17.032 16.672 17.164 17.004 24.112 kg 
         
Density 461.6 449.8 440.2 449.8 449.1 478.6 kg/m3 
         
Moist       kg/kg 
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BEAM NUMBER 25-120-P 26-60-0 27-90-0 28-120-0 29-60-T 30-60-T Unit 
MEASURED DATA         
Width Above Left end 89 112 113 112 113 113   
Width Above Right end 89 113 113 113 113 113   
Width Below Left end 89 113 113 113 113 112   
Width Below Right end 89 113 113 113 113 113   
Width 89 112.75 113 112.75 113 112.75 mm 
Lengh Above 1596 2497 2498 2499 2499 2500   
Length Below 1596  2497 2500 2499 2499   
Lengh 1596 2497 2497.5 2499.5 2499 2499.5 mm 
Height Left end 357 627 627 627 627 627   
Height Right end 356 627 627 627 626 627   
Height 356.5 627 627 627 626.5 627 mm 
         
Volume 0.05064 0.17652 0.17695 0.17670 0.17692 0.17670 m3 
         
Weight 23.852 81.330 81.064 81.824   kg 
         
Density 471.0 460.6 458.1 463.0   kg/m3 
         
Moist       kg/kg 
 
 
BEAM NUMBER 31-90-T 32-90-T 33-120-T 34-120-T 35-60-S 36-60-S Unit 
MEASURED DATA         
Width Above Left end 113 113 113 113 113 112   
Width Above Right end 113 112 112 112 113 113   
Width Below Left end 113 112 113 113 113 112   
Width Below Right end 113 112 113 113 113 113   
Width 113 112.25 112.75 112.75 113 112.5 mm 
Lengh Above 2498 2499 2498 2498 2499 2499   
Length Below 2498 2499 2498 2498 2498 2499   
Lengh 2498 2499 2498 2498 2498.5 2499 mm 
Height Left end 626 626 267 628 626 626   
Height Right end 625 626 267 627 627 626   
Height 625.5 626 267 627.5 626.5 626 mm 
         
Volume     0.1408  m3 
         
Weight     65.238  kg 
         
Density     463.3  kg/m3 
         
Moist       kg/kg 
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BEAM NUMBER 37-90-S 38-90-S 39-120-S 40-120-S Unit 
MEASURED DATA       
Width Above Left end 113 113 113 113   
Width Above Right end 112 113 113 113   
Width Below Left end 113 113 113 114   
Width Below Right end 112 112 113 113   
Width 112.5 112.75 113 113.25 mm 
Lengh Above 2499 2498 2498 2498   
Length Below 2499 2498 2499 2497   
Lengh 2499 2498 2498.5 2497.5 mm 
Height Left end 626 626 627 627   
Height Right end 626 627 627 627   
Height 626 626.5 627 627 mm 
       
Volume  0.1676   m3 
       
Weight  79.684   kg 
       
Density  468.8   kg/m3 
       
Moist     kg/kg 
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Appendix II – Failure modes of all beams 
Failure modes for all successfully tested beams are presented below. Concerning notation of 
reinforcement the same system is used as in APPENDIX I (“0” for non-reinforced, “P” for 
steel plates, “T” for glued in wooden rods, and “S” for glued in threaded steel rods). Specific 
tests are indicated by its beam number along with a notation of either bottom or top side test 
(arbitrarily selected when preparing the beams for testing, marked as either “N” or “Ö” or, in 
the case of the largest reinforced beams, not at all). 
 
Beam number Reinforcement Failure mode 
  4 N 0 Compression 
  4 Ö 0 Compression 
  5 N 0 Compression 
  5 Ö 0 Compression 
  6 N 0 Compression 
  6 Ö 0 Compression 
  7 N 0 Compression 
  7 Ö 0 Compression 
  8 N 0 Compression 
  8 Ö 0 Compression 
  9 N 0 Compression 
  9 Ö 0 Compression 
10 N 0 Compression 
10 Ö 0 Compression 
11 N 0 Compression 
11 Ö 0 Compression 
12 N 0 Compression 
12 Ö 0 Compression 
13 N 0 Compression 
13 Ö 0 Compression 
14 N 0 Compression 
14 Ö 0 Compression 
15 N 0 Compression 
15 Ö 0 Compression 
16 N P Bending 
16 Ö P Compression 
17 N P Compression 
17 Ö P Compression 
18 N P Compression 
18 Ö P Bending 
19 N P Compression 
19 Ö P Compression 
 
 
 
 
Beam number Reinforcement Failure mode 
   20 N P Compression 
   20 Ö P Compression 
   21 Ö P Shear  
   21 N P  - 
   22 N P  - 
   22 Ö P Shear  
   23 N P  - 
   23 Ö P Shear  
   24 N P  - 
   24 Ö P Shear  
   25 N P  - 
   25 Ö P Shear  
   26 N 0 Compression 
   26 Ö 0 Compression 
   27 N 0 Compression 
   27 Ö 0 Compression 
   28 N 0 Compression 
   28 Ö 0 Compression 
29 T Compression 
30 T Compression 
31 T Compression 
32 T Compression 
33 T Compression 
34 T Compression 
35 S Compression 
36 S Compression 
37 S Compression 
38 S Compression 
39 S Compression 
40 S Shear  
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Appendix III – Calculations 
Design value of compression strength, Eurocode 
Design value of compression strength according to Eurocode 5, considering non-reinforced 
beams: 
,,a  
A<a ∗ 	,,cde  

A<a =	0.9 (given for short time loads and climate class 1) 
de = 1.25 
,,c = 2.8	^_` 
 
Under the condition 
7,,a ≤ 
, ∗ ,a 
and  
7,,a =	,,a  
 = width ∗ (support length + 30 mm) 
 
Support 
length (mm) 
Width 
(mm) 
 
(//g 

 ,a 
(MPa) 
,,a 
(KN) 
 
60 90 8100 1 2.016 16.3  
90 90 10800 1 2.016 21.7  
120 90 13500 1 2.016 27.2  
60 115 10350 1 2.016 20.8  
90 115 13800 1 2.016 27.8  
120 115 17250 1 2.016 34.7  
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Collins method 
60 mm support length, calculated with characteristic values taken from BKR 
.  =  .,h + 
R *  * ,= 96.3 kN 
 .,h  8 MPa * [(115*60)-(12/2)2*π =6673.8] mm2= 53.4 kN  
 ,   400 MPa * 84 mm2 = 33.6 kN 
 
R    1.0 for hard materials, such as steel 
    min (2,  [[;∗i:;∗[g) = 1.28 
90 mm support length, calculated with characteristic values taken from BKR 
.  =  .,h + 
R *  * , = 143.6 kN 
 .,h  8 MPa * [(115*90)-(12/2)2*π =9897.6] mm2 = 79.2 kN  
 ,   400 MPa * 84 mm2 = 33.6 kN 
 
R    1.0 for hard materials, such as steel 
    min (4,  [[;∗:;∗[g) = 1.92 
120 mm support length, calculated with characteristic values taken from BKR 
.  =  .,h + 
R *  * , = 192.6 kN 
 .,h  8 MPa * [(115*120)-(12/2)2*π =13347.6] mm2 = 106.8 kN  
 ,   400 MPa * 84 mm2 = 33.6 kN 
 
R    1.0 for hard materials, such as steel 
    min (4,  [[;∗[g:;∗[g ) = 2.56 
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60 mm support length, calculated with characteristic values taken from Eurocode 
.  =  .,h + 
R *  * , = 61.0 kN 
 .,h  2.7 MPa * [(115*60)-(12/2)2*π =6673.8] mm2 = 18.0 kN  
 ,   400 MPa * 84 mm2 = 33.6 kN 
 
R    1.0 for hard materials, such as steel 
    min (2,  [[;∗i:;∗[g) = 1.28 
90 mm support length, calculated with characteristic values taken from Eurocode 
.  =  .,h + 
R *  * , = 91.1 kN 
 .,h  2.7 MPa * [(115*90)-(12/2)2*π =9897.6] mm2 = 26.7 kN  
 ,   400 MPa * 84 mm2 = 33.6 kN 
 
R    1.0 for hard materials, such as steel 
    min (4,  [[;∗:;∗[g) = 1.92 
120 mm support length, calculated with characteristic values taken from Eurocode 
.  =  .,h + 
R *  * , = 121.9 kN 
 .,h  8 MPa * [(115*120)-(12/2)2*π =13347.6] mm2 = 35.4 kN  
 ,   400 MPa * 84 mm2 = 33.6 kN 
 
R    1.0 for hard materials, such as steel 
    min (4,  [[;∗[g:;∗[g ) = 2.56 
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Ruhe & Bejtka 
 
j,a= min(n*ja + 
,*k,[*b*,,a ; b*k,g*,,a) 
With 2 steel rods: 
j,a= min { 2 * 18.45 + 1 * 60 * 115 * 2.7 = 55.53 kN } 
     { 115 * 424 * 2.7 = 131.65 kN } 
With 4 steel rods: 
j,a= min { 4 * 18.45 + 1 * 90 * 115 * 2.7 = 101.745 kN } 
        { 115 * 460 * 2.7 = 142.83 kN } 
With 6 steel rods: 
j,a= min { 6 * 18.45 + 1 * 120 * 115 * 2.7 = 147.96 kN } 
        { 115 * 500* 2.7 = 155.25 kN } 
 
ja = min {j@l,a ;j,a} 
j@l,a = d * km * [,a 
j@l,a = 12*400*16.2=77.7 kN 
[ = 80*10^-6 *450^2 = 16.2 MPa 
j,a = 
 * nop,Kqr     = 0.832 * 22.167 = 18.45 kN                  

 = [cstcuvwKu
   =   
[
.x[gst.x[guv.;[yu
  = 0.832                  
k = 0,5 * [1+0,49*(zc-0,2)+zcg] = 0.5 * [1+0.49 * (0.518 – 0.2)] + 0.518^2 = 0.712 
zc = tnop,KnKN,K   =   t
gg.[ix
yg.]   = 0.518        
Z{|,c = } ∗	 	,x∗[gu:  *400 = 22.167 kN 
Zc8,c = 82.3 kN (according to table) 
 
